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The atomic force microscope (AFM) is a versatile instrument for studying and 
manipulating material at nanometer length scales.  Localized control of temperature and electric 
potential with an AFM microcantilever facilitates metrology and fabrication with nanometer 
precision and relatively low cost.  Current self-heating AFM microcantilevers have technological 
limitations that inhibit their application towards nanofabrication, including difficulty in 
maintaining tip shape under harsh conditions, an inability to simultaneously control thermal and 
electric potentials, and inadequate methods for determining tip-substrate interface temperature.  
This dissertation seeks to address these issues by developing multifunctional AFM 
microcantilevers for control of thermal and electric fields during tip-based sample interrogation.  
Microcantilevers are designed, fabricated, characterized, and experimentally tested for 
applications in nanometrology and nanofabrication. 
The first microcantilever introduced in this work is a silicon cantilever whose tip is 
coated in a thin film of polycrystalline diamond to protect the tip from wear and reduce debris 
buildup.  The tip of a conventional scanning probe changes unpredictably over time due to wear, 
damage, and the accumulation of debris; this is a significant hurdle preventing the widespread 
use of AFMs in industry.  AFM scans are a convolution of the substrate topography and the 
scanning tip, so a stable tip shape is critical to establishing the validity of measurements.  The 
device developed in this section of the dissertation has a tip radius as small as 15 nm and an 
integrated solid-state heater for raising the temperature of the tip.  The diamond-coated 
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microcantilever tip was tested for resistance to wear under harsh conditions necessary for tip-
based nanofabrication.  
The second microcantilever platform described in this dissertation is a silicon cantilever 
with simultaneous and independent control of temperature and electric potential at the tip.  
Previous AFM devices have been able to apply localized electric potentials or temperature 
gradients, but have not been able to do both simultaneously.  The present electro-thermal 
microcantilever combines the functions of heated and electrically-conductive AFM cantilevers.  
In one device design, electrical separation of the solid-state heater and tip electrode in single-
crystal silicon was achieved using selective doping to form semiconductor diodes at the free end 
of the microcantilever.  In an alternate device design, this electrical separation was accomplished 
using a metal electrode insulated from the heater with thermally grown oxide.  Both designs were 
extensively characterized and demonstrate good electrical isolation between active elements until 
the voltage potential difference reaches ~ 10 V.   
The metalized electro-thermal microcantilever was used to measure thermoelectric 
voltage of a thermocouple point contact for determining tip-substrate interface temperature.  The 
interface temperature between a nanometer-scale tip and substrate has been historically difficult 
to establish.  In this work, the interface temperature is directly measured as a function of 
cantilever heater temperature during tip-side heating, which circumvents the need for calibration 
on temperature-sensitive materials requiring constant tip-substrate thermal conductance.  When 
the non-dimensional cantilever heater temperature is 1, the tip-substrate interface temperature is 
0.593 on glass and 0.125 on quartz.  The measurements match well with a resistor network 
model that assumes the interfacial contact resistance is 108 K/W.  This interface temperature 
calibration technique is appropriate for substrates with thermal conductivity < 20 W/mK. 
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Finally, a heated nanoprobe was fabricated whose sharp tip has a conformal coating of a 
thin, crystalline ferroelectric material.  The ferroelectric-coated nanoprobes demonstrate tip 
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CHAPTER 1: INTRODUCTION 
 
Temperature is an intrinsic material property, and thus a useful parameter for studying 
matter at micrometer and nanometer length scales.  While measurement of temperature and 
fabrication using heat are commonplace at macroscopic scales, using temperature as a 
nanofabrication tool has only developed in the past decade.  Scanning probes interrogate samples 
with nanometer scale resolution through “touch” rather than “sight” and have been adapted for 
measuring or applying temperature gradients.  Further development and understanding of 
scanning probes with the ability to manipulate temperature at atomic length scales could lead to 
high throughput nanomanufacturing and improved resolution in scanning thermal microscopy.  
Reducing scanning probe tip wear, measuring tip interface temperature, and adding functionality 
to existing scanning probes could advance the fields of scanning thermal microscopy and thermal 
nanofabrication. 
 
1.1 Atomic Force Microscopy 
A scanning probe microscope is a serial imaging tool that forms an image by 
interrogating a specimen with a sharp probe.  The relative positions of the sample and tip are 
controlled by piezoceramics with picometer scale resolution.  The physics of the tip-surface 
interaction, such as tunneling current or force, are measured during a raster scan and recorded as 
a two-dimensional grid of data points.  The ability to measure sample properties with nanometer 
and sub-nanometer resolution makes scanning probe microscopes useful tools in materials 
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to minimize vibrational noise from the environment.  The resonant frequency, f0, of a spring-
mass system is  
଴݂ = ሺ1/2ߨሻሺ݇/݉଴ሻଵ/ଶ                                                  (1.2) 
where m0 is the effective mass that loads the spring.  Subsequently, m0 must be decreased as k is 
decreased to soften the spring, so that the ratio k/m0 remains large.  This is accomplished by 
fabricating cantilevers with micrometer and nanometer length scales using microfabrication 
techniques [15].  Microfabrication of AFM cantilevers produces disposable cantilevers at a 
reasonable cost using high throughput batch fabrication to achieve economies of scale.  
The measurement of atomic scale forces in an AFM requires sharp tip geometry and 
compliant cantilevers.  AFM images are convolutions of the tip and sample geometry, and thus it 
is important to understand the initial tip shape and how it changes during imaging.  Sharp tip 
geometry is critical for accurately measuring interaction forces with high resolution and 
reproducibility.  Modern commercial AFM cantilevers have tips 2 - 10 nm in radius usually 
made of single-crystal silicon or silicon nitride.  The tip becomes dull with use through a 
combination of wear and aggregation of loose debris from the sample surface around the tip.  
Some progress has been made towards producing wear resistant cantilever tips made of self-
sharpening [16] or ultra-hard materials [17, 18], but these tips are either not producible through 
batch fabrication or too dull for normal use.  Wear-resistant, functionalized AFM cantilevers 
with sharp tips that can be batch fabricated could fulfill an existing need in the AFM 
nanofabrication and nanometrology fields. 
Forces on the AFM tip cause normal and torsional deflection of the compliant cantilever, 
both of which can be monitored [19, 20].  Early AFM systems [13] relied on van der Waals 
forces to modulate the tip-substrate separation distance.  The van der Waals force is an attractive 
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force between atoms and molecules caused by fluctuating atomic or molecular polarizations [21].  
This force is short range and relatively weak compared to chemical bonds, but is almost always 
present; for example, van der Waals forces allow geckos to climb vertical walls [22] and 
determine the energy needed to boil water [23].  Presently, AFM cantilevers are used to measure 
a wide range of forces on the cantilever tip, including electrostatic [24], capacitive [25], 
magnetic [26], and chemical forces [27].  Transductive cantilevers can also measure these 
reaction forces while simultaneously applying or measuring voltage [28], current [29, 30], and 
temperature [31, 32] at cantilever tips.  Such specialized AFM measurement techniques have 
made it possible to study unfolding forces in proteins [33], measure hot spots in integrated 
circuits [34], and construct three-dimensional nanostructures out of insulators [35], conductors 
[36], or polymers [37].   
Electrically functional AFM probes enable an assortment of measurement techniques, 
including electrical resistance measurement [38, 39], capacitance measurement [39, 40], and 
current mapping [30, 41].  These devices can also modify a sample surface using voltage or 
current in order to locally control electrochemical reactions [35, 42] or oxidation [43]. Although 
electronic properties and nanofabrication techniques are generally dependent upon temperature, 
it is not currently possible to simultaneously control local electric fields and temperature with a 
scanning probe microscope.  Similarly, the effect of an electric field during thermal 
nanofabrication is largely unstudied. 
 
1.2 Scanning Thermal Microscopy 
An extension of the scanning probe microscope is a thermal probe that measures 
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the tip, it is possible to measure surface temperature distributions [53].  Recently, researchers 
used a point contact thermocouple technique to map interface temperature fields with sample-
side heating [48].  Some thermocouple and thermistor SThM probes can be operated in active 
mode, where larger currents through the temperature sensing elements induce Joule heating.  The 
interface temperature between a scanning tip and substrate using tip-side heating has been 
historically difficult to establish due to challenges in understanding thermal conduction through 
the substrate, deducing the tip-substrate contact area, and determining the quality of the 
interfacial contact between tip and substrate [45, 46].  An understanding of the tip-substrate 
interface temperature is critical for the characterization [54, 55] or modification [56, 57] of 
thermally sensitive samples at the nanometer scale. 
 
1.3 Heated Nanoprobes 
Soon after the invention of the atomic force microscope, researchers used cantilever tips 
to write data bits on a surface with high areal density [58, 59].  Data bits can be written to a thin 
polymer substrate by raising the temperature of the cantilever tip and using the tip pressure to 
write a pit in the softened substrate [60].  AFM cantilevers with integrated solid-state resistive 
heaters were developed primarily for data storage [61, 62], and the technology was further 
developed for commercialization [3].  Self-heating AFM cantilevers made of single-crystal 
silicon facilitate rapid heating and cooling of a nanometer scale sample volume with 
microsecond time constants [3, 61, 63].  Such cantilevers are “U-shaped”, with the heating 
element and tip located at the end of the cantilever.  Figure 1.4 shows a typical heated AFM 
cantilever.  The extrinsic silicon cantilever legs are highly doped to carry current while the 
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is more critical for localized nanometrology and nanofabrication.  The interface temperature is 
almost never the same as the heater temperature [76-79] and it is not possible to directly calibrate 
the cantilever heater temperature with the interface temperature.  The temperature drop from the 
heater to the interface depends on the relative sizes of the thermal resistances in the heat flow 
system, especially the interfacial contact resistance and thermal conductivity of the substrate. 
The tip-substrate interface temperature can be estimated from models [73, 80, 81] or calibrated 
for specific substrates by studying tip interactions with substrates having known temperature 
transitions [77, 82].  A better understanding of tip-substrate interface temperature and 
development of a direct method for determining interface temperature could benefit users of 
heated AFM cantilevers. 
 
1.4 Nanofabrication 
Material properties change as a function of physical dimension; the interaction of matter 
at the atomic level produces new chemistries [83], enhances surface reactivity [84], produces 
high compaction density [85], and facilitates many other unique properties.  Nanofabrication is 
the creation, through directed or self-assembly methods, of functional structures or devices one 
atom to 100 nanometers in size.  Closely related to nanofabrication, nanomanufacturing is the 
industrial-scale manufacture of nanometer size objects with emphasis on low cost and reliability.  
Nanofabrication can be additive when material is added to a base substrate, or subtractive when 
material is removed from a base substrate to construct the final structure or device.  Current 
nanofabrication processes can be separated into several broad categories: focused ion beam 
machining [86], femtosecond laser machining [87], electron beam lithography [88], x-ray 
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lithography [89], UV lithography [90], nanoimprint lithography [91, 92], and tip-based 
nanofabrication [93].  
In particular, tip-based nanofabrication (TBN) is based on the well-established scanning 
probe platforms of the STM and the AFM.  Tip-based nanofabrication offers sub-20 nm 
fabrication with integrated processing, assembly, metrology, and visualization in a single tool.  
TBN processes use physical, electrical, electrochemical, thermal, optical, and other interactions 
between the scanning tip and substrate to selectively modify a surface with precise localization 
of the defined pattern.  Top-down nanofabrication methods achieve nanoscale dimensions by 
using a larger tool to cut, mill, and shape material.  Bottom-up methods assemble matter at the 
nanoscale into more complex assemblies through self-organization and self-assembly.  TBN is 
traditionally a top-down fabrication method [94, 95], but in some cases it can be considered a 
bottom-up process [96]. 
One form of TBN is nanomachining.  Nanomachining is a subtractive TBN process that 
uses a scanning probe tip as a tool to mechanically scratch a surface.  Sharp AFM tips have been 
used to remove material from metal [97], polymer [98], and semiconductor substrates [93, 99].  
Most commercially viable TBN processes require the probe tip to scan long distances at fast 
speeds and high temperatures with a large applied force. One obstacle limiting adoption of TBN 
in industry is the unpredictability in tip shape during use, whether from deterioration caused by 
wear or the agglomeration of debris.  These detrimental processes are accelerated in conditions 
necessary for industrial nanomanufacturing over long scan distances on hard surfaces such as 
silicon, silicon dioxide, quartz, or various metals.   
Another form of TBN is dip-pen nanolithography (DPN).  DPN is an additive, direct-
write pattering technique where a scanning probe tip deposits material on a substrate analogous 
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deposition, and transformation.  Nano-electrochemical machining and deposition are based on 
the physics of electrolysis and anodic oxidation [42, 110], and can be subtractive or additive.  
Electrochemical reactions are usually initiated in the liquid electrolyte separating the biased tip 
and substrate.  Anodic oxidation has been demonstrated on metallic, semiconductor, and organic 
surfaces with AFM probes [6].  Metals and semiconductors have been deposited through 
electrolysis of an ionic liquid on semiconductor and metal substrates [111].  These electric 
machining techniques are temperature dependent, but a convenient method for simultaneously 
controlling localized temperature and electric fields does not exist.  
Microcantilevers with integrated heaters can be used to control nanometer-scale 
temperature fields for nanochemistry [64] and nanofabrication [70]. Some of the challenges of 
traditional DPN are overcome with thermal DPN (tDPN), where the scanning tip is heated during 
deposition [57, 69].  Controlling tip temperature permits the deposition of inks that are frozen at 
room temperature, but melt and flow from the tip at higher temperatures. tDPN can control the 
deposition of ink when the tip is in contact with the substrate, permitting imaging when the tip is 
cold and ink deposition when the same tip is hot.  Another TBN technique that leverages heated 
scanning probes is scanning thermal lithography (STL).  STL uses a heated AFM probe to 
thermally decompose a polymer resist [72, 112] or energetic material [64].  This subtractive 
technique can be applied to any material that undergoes a clean thermal decomposition at 
temperatures where the film will not significantly deform.  Unfortunately, heated 
microcantilevers are not suited for nanometer-scale electronic fabrication because they cannot 
independently control temperature while measuring or applying an electric potential. At present, 
there is no scanning probe tool that can simultaneously apply localized heat and measure/apply 
electric potential at sub-10 nm length scales. 
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1.5 Dissertation Overview 
The further development of heated AFM probes with added functionality will enable new 
nanometrology and nanofabrication techniques.  This dissertation reports the development, 
fabrication, and characterization of three unconventional scanning probe tools with integrated 
solid-state heaters.  Chapter 2 describes a heated AFM cantilever with a diamond-coated tip that 
demonstrates exceptional wear and fouling resistance under harsh nanofabrication conditions.  
Chapter 3 reports an AFM cantilever with independent control of temperature and electric 
potential at the scanning tip for studying the temperature dependence of material properties and 
imaging physics during scanning.  Chapter 4 presents a technique for directly determining tip-
substrate interface temperature on different substrates using a point contact thermocouple.  
Finally, Chapter 5 describes the fabrication of nanometer-sharp ferroelectric tips on doped 
silicon heaters designed for pyroelectric electron emission.  Augmenting the capabilities of 
heated AFM cantilevers and further understanding interface temperature could lead to new 
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CHAPTER 2: DIAMOND-COATED HEATED NANOPROBE 
 
2.1 Introduction 
Nanofabrication with scanning probes offers nanometer-scale feature resolution, 
immediate metrology of the written structures, and extraordinary flexibility in material choice.  It 
has consequently been the subject of intense research [1-11].  A common requirement across all 
approaches to tip-based nanofabrication (TBN) is tip stability, which is essential for repeatable 
and consistent fabrication.  Hard and/or chemically reactive substrates, long scan distances, high 
tip loads, and high temperatures all cause tip wear, deformation, and fouling [12, 13], thereby 
prohibiting the reproducibility required for manufacturing.  This chapter describes 
ultrananocrystalline diamond tips integrated into heated silicon atomic force microscope (AFM) 
cantilevers.  These tips resist both wear and fouling under harsh conditions. 
A number of techniques have been proposed for TBN such as depositing a material from 
a tip onto a surface [1-5] or using a tip to modify the mechanical [6, 7], electronic [8], or 
chemical [9-11] properties of a surface.  While most TBN techniques are slow (< 1 µm s-1), even 
for the fastest of them [10] at > 1 mm s-1 a probe array is required to reach reasonable 
manufacturing throughput.  While some approaches have all the tips in an array write the same 
feature [14], this greatly limits the complexity of the patterns formed.  More  versatile techniques 
use an array where each writing element can be independently addressed [15] such that each tip 
can generate an independent mechanical, thermal, or electrical field.  Cantilevers with integrated 
heaters are particularly well-suited for TBN with large arrays as each individually addressed tip 
can write [4] and read [16] nanostructures in parallel.   
22 
 
TBN of nanoelectronics or lithographic masks requires the tip to scan long distances over 
hard surfaces such as silicon, silicon dioxide, quartz, or various metals.  A number of tip 
materials and tip coatings have been suggested to reduce tip wear, including silicon dioxide tip 
encapsulation [17], platinum silicide tips [18], and various forms of carbon including diamond 
[19-22].  Diamond tips have the advantage of high stiffness and strength, low chemical reactivity 
and adhesion [23], low friction coefficient [24], and can be either electrically insulating or 
conducting if doped [25].  Typical diamond probes are fabricated by growing a thick diamond 
coating into a lithographically-defined silicon wafer mold [21], which is not well suited to the 
electronic integration required for arrays of independently controlled tips.  Alternatively, 
diamond thin films can be grown directly onto a silicon AFM tip [22], but these methods usually 
produce highly stressed films with large grains leading to dull tips [26], can delaminate [27], or 
are highly graphitic leading to inferior chemical and mechanical properties [28].  
Ultrananocrystalline diamond (UNCD) consists of 3 - 5 nm diameter crystalline grains of sp3-
bonded carbon, with 10% of the carbon located in high-energy, high-angle twist grain boundaries 
containing a mixture of locally sp3- and sp2-coordinated carbon [24].  Films of UNCD can be 
thin and conformal while having mechanical and chemical properties comparable to pure 
diamond.  Recently, AFM tips fabricated entirely out of UNCD have been developed and shown 
to have far better wear resistance than commercial silicon nitride probes under room temperature 
testing conditions [29]. 
This chapter presents sharp UNCD-coated doped silicon tips with integrated heaters that 
have exceptional wear resistance under harsh conditions for scan distances greater than 1 meter, 




Figure 2.1 shows the UNCD tip and its integration into the doped single crystal silicon 
cantilever.  The silicon cantilever legs are highly doped to carry current while the region near the 
cantilever tip is doped at a lower concentration to allow resistive heating [30].  Figure 2.2 shows 
the fabrication process. The radius of the sharpened silicon tip, typically ~10 nm, is increased by 
the UNCD coating and therefore the coating must be as thin as possible while maintaining 
conformality, continuity, adhesion, and low roughness.  After tip formation and cantilever 
doping, the 100 mm silicon wafer substrates were seeded with 5 nm diameter diamond 
nanoparticles by ultrasonication in a diamond nanoparticle colloidal suspension [31].  The 
UNCD was grown by hot-filament chemical vapor deposition.  A protective silicon dioxide mask 
was patterned over the tip region and the exposed UNCD was removed with an oxygen plasma 
etch, such that only the UNCD near the tip remained.  Metal contacts and a backside etch 
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Figure 2.1 also shows a fabricated cantilever and tip.  The final devices had a 14 µm 
square film of UNCD centered on the tip that was approximately 40 nm thick.  The UNCD 
coating was granular in appearance with supergrains typically 35 nm in diameter containing 
many smaller grains of UNCD.  The size and morphology of these supergrains is directly related 
to the seeding process [32].  A small diamond supergrain protruding from the end of the probe 
tip would be optimal for the best sharpness and this was observed in several cases.  Each 4 inch 
diameter wafer yielded about 250 devices, where the average overall tip radius was 50 nm 
according to SEM, with supergrain protrusions of radius 5-15 nm. 
 
2.3 Characterization 
The electrical, thermal, and mechanical properties of the cantilever were characterized 
using established techniques [30]. The cantilever spring constant was 0.15 - 6 N m-1 depending 
on the cantilever thickness, which varied from 0.75 - 1.5 μm depending on location on the wafer. 
2.3.1 Electrical and Thermal Characteristics of Heated Cantilevers 
The electrical and thermal properties of the silicon and UNCD cantilevers were 
characterized using Raman spectroscopy.  We first characterized device resistance and dissipated 
power as a function of applied voltage, then characterized the cantilever heater region 
temperature as a function of applied voltage by monitoring the Stokes peak shift.  Figure 2.3 
shows typical cantilever electrical and thermal properties.  The cantilever resistance and 
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The tip contact force, cantilever temperature, and substrate material varied between 
experiments, but in all tests the tip scanned a total of 1.28 meters at a scan speed 25 μm s-1.  
Silicon and UNCD tips were tested with a tip contact force varying from 10 to 200 nN, where 
200 nN is the maximum tip force possible in our apparatus.  The experiments tested cantilever 
tips with self-heating temperatures varying from 25 - 400 °C.  Most tests were performed on 
either polished silicon carbide (SiC) or quartz substrates, although some tests were performed on 
polished single-crystal silicon, or UNCD films with 10 nm rms roughness.  The relative humidity 
was not controlled but was recorded for each test.  For the present experiments, there was no 
systematic dependence of wear on humidity, which could be attributed to the elevated cantilever 
temperature or the specific tip-substrate chemistries. 
2.3.4 In Situ Tip Wear Measurement 
Tip wear was also monitored in situ during testing by measuring the adhesion of the 
AFM probe tip to the surface.  According to continuum contact mechanics, for a round tip, the 
pull-off force is directly proportional to tip radius multiplied by the work of adhesion; as the tip 
gets flat the relation becomes non-linear but pull-off force still increases with tip size.  We wrote 
a custom IGOR program to raster the tip on the substrate and measure the tip-substrate pull-off 
force after every scan.  Each wear test took an average of 17 hours to complete; subsequently, 
the biggest challenge was overcoming drift in the system over such a long time period which 
sometimes caused the AFM laser to drift off the cantilever and cause an error in the program.  
Figure 2.6 shows typical pull-off forces during wear testing for silicon and UNCD probes.  In 
general, the pull-off force increases with scan distance as the tip is worn.  The UNCD tip wear is 
consistent with atomic wear, or the shedding of individual atoms [35].  This results in a relatively 
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testing and Table 2.1 shows wear testing results without tip micrographs.  Tables 2.2 - 2.5 show 
SEM micrographs of the silicon and diamond AFM tips before and after wear testing.  From the 
resulting images, it is clear that the diamond tips were virtually unaffected by the silicon and 
polished silicon carbide (SiC) substrates, except for some accumulated debris from rastering 1.28 
meters.  In contrast, the silicon tip was slightly worn during the silicon substrate test but 
significantly damaged during the SiC substrate tests.  The clumped fragments around the silicon 
tip after the 200 °C and 400 °C test on SiC are silicon chips from the tip that were accumulated 
as the tip deteriorated.  No deformation of the silicon substrate was observed after the UNCD tip 
wear test.   
The quartz and UNCD substrates were the most abrasive on the AFM probe tips.  The 
silicon tips were universally destroyed on both substrates and the tip fragments are evident in the 
SEM micrographs.  However, the UNCD tips were only either slightly worn or unchanged after 
testing on the quartz substrate.  We anticipated that wear testing on a UNCD substrate with a 
UNCD probe would cause damage to the tip.  The UNCD on UNCD test was conducted three 
times, with each test resulting in debris blocking our view of the tip.  The blunted UNCD tip was 
imaged using a high accelerating voltage (20 kV) in the SEM to penetrate the debris.  The 
UNCD tip was indeed worn by the UNCD substrate and we believe the gathered debris is the 
result of wear from the tip and/or substrate.  Importantly, we observe no signs of the 
delamination commonly found with commercial diamond-coated probes when used even for 
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Radius After  
(nm) Tip Wear 
Silicon Polished Si 200 400 32 42 Moderate 
UNCD Polished Si 200 400 47 49 Slight 
Silicon Polished SiC 10 25 25 48 Moderate 
Silicon Polished SiC 200 25 25.5 65 Moderate 
Silicon Polished SiC 200 200 50 57 Moderate 
Silicon Polished SiC 200 400 30.5 N/A Extreme 
UNCD Polished SiC 10 25 32 34 Slight 
UNCD Polished SiC 200 25 27 27.5 Slight 
UNCD Polished SiC 200 200 61 61 None 
UNCD Polished SiC 200 400 67 67.5 Slight 
Silicon Quartz 10 25 22 N/A Extreme 
Silicon Quartz 200 25 42 N/A Extreme 
Silicon Quartz 200 200 35 138 Extreme 
Silicon Quartz 200 400 66.5 187 Extreme 
UNCD Quartz 10 25 46 46 None 
UNCD Quartz 200 25 44 53 Moderate 
UNCD Quartz 200 200 35 43 Slight 
UNCD Quartz 200 400 89 90 Slight 
Silicon UNCD 200 400 65 245 Extreme 
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2.4.1 Transmission Electron Microscopy 
The primary wear mechanism for the UNCD tips is gradual atom-by-atom attrition of the 
sliding surface.  Importantly, we do not observe a significant increase in wear rate at elevated 
temperatures that would be expected in the model developed by Gotsmann and Lantz [35].  The 
diamond-coated tips were extensively characterized using transmission electron microscopy 
(TEM).  Figure 2.8 shows before and after TEM images of a UNCD-coated tip after wear testing 
on quartz, and the selected area diffraction patterns of the worn tip area are shown in Figure 2.9.  
TEM imaging confirmed that the conformal diamond growth process minimized granular voids 
on the three-dimensional conical tips.  Selected area diffraction confirmed the presence of 
crystalline diamond grains, rather than graphite.  While volume has clearly been removed, the 
unworn material appears unaffected, showing no signs of graphitization.  Moreover, the selected 
area diffraction patterns were unchanged with wear, with no evidence of graphitization.  
The TEM images show that wear occurs by gradual atom-by-atom attrition of the UNCD 
surface rather than by delamination or fracture of the diamond coating, and the UNCD does not 
undergo observable graphitization during wear.  We calculated the volume of UNCD removed 
using a MATLAB script to trace the tip profiles and take the difference of the volume integrals 
of the tip before and after wear.  This method assumes the tip is made of discs defined by the tip 
profile.  It is sensitive to tip orientation, profile tracing, and alignment of profiles so multiple 
measurements were made for each TEM image.  After analysis, it was determined that there is 
significantly more wear present in probes run at higher temperatures.  The diamond-coated probe 
shown in Figure 2.8 had more than 170,000 nm3 of material removed during the wear test, while 
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determined from a previous study [32], we estimate that the contact diameter between substrate 
protrusions and an 8 nm UNCD asperity could be as small as 3.6 nm at 200 nN applied load, and 
only 0.5 nm at 10 nN applied load, defining an impressively small resolution for imaging and 
nanomanufacturing.  
In addition to wear, tip performance can be degraded by accumulation of debris and 
indeed, tip fouling is the most common mechanism for probe failure in typical AFM operation.  
The UNCD probes resisted such fouling on most substrates except for the UNCD substrate 
where there was slight transfer.  The silicon tips accumulated measurable debris on all substrates; 
in some cases the amount was significant compared to the tip size as shown in Figure 2.7.  The 
anti-fouling characteristics of the diamond tip can be attributed to the low surface energy as well 
as the chemical stability of the diamond. 
2.4.2 Tip-Based Nanofabrication 
To demonstrate the stability of a UNCD-coated heated probe for tip-based 
nanofabrication, we conducted an extended TBN experiment with a single tip.  Figure 2.10 
shows thermal deposition of polymer from a tip that is heated or cooled to modulate 
nanostructure writing.  The polymer was poly(3-dodecylthiophene) (PDDT), a semiconducting 
polymer [36], and the substrate was polished silicon.  The cantilever temperature was switched 
between room temperature and 120 °C while the tip scanned continuously at 1 μm s-1, producing 
300 nm wide polymer nanostructures of alternating length 2.5 μm and 1.5 μm, and spacing 1.5 
μm.  In total, 5400 nanostructures were written and the total scan distance was 1.89 cm.  The tip 
was cleaned after every 1000 lines for SEM imaging, although at no point was the polymer 
noticeably depleted.  Figure 2.10 shows the number of features written and total scan distance.  
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would travel 1.26 meters and, assuming a 10% fill, each tip would write for only 12.6 cm.  
Diamond probe tips can easily travel such distances with exceptional stability, overcoming the 




[1] Piner R D, Zhu J, Xu F, Hong S and Mirkin C A 1999 "Dip-Pen" Nanolithography 
Science 283 661 
[2] Nelson B A, King W P, Laracuente A R, Sheehan P E and Whitman L J 2006 Direct 
Deposition of Continuous Metal Nanostructures by Thermal Dip-Pen Nanolithography 
Applied Physics Letters 88 
[3] Unal K, Frommer J and Wickramasinghe H K 2006 Ultrafast Molecule Sorting and 
Delivery by Atomic Force Microscopy Applied Physics Letters 88 
[4] Sheehan P E, Whitman L J, King W P and Nelson B A 2004 Nanoscale Deposition of 
Solid Inks Via Thermal Dip Pen Nanolithography Applied Physics Letters 85 1589 
[5] Duwez A S, Cuenot S, Jerome C, Gabriel S, Jerome R, Rapino S and Zerbetto F 2006 
Mechanochemistry: Targeted Delivery of Single Molecules Nature Nanotechnology 1 
122 
[6] Gotsmann B, Duerig U, Frommer J and Hawker C J 2006 Exploiting Chemical Switching 
in a Diels-Alder Polymer for Nanoscale Probe Lithography and Data Storage Advanced 
Functional Materials 16 1499 
[7] Heyde M, Rademann K, Cappella B, Geuss M, Sturm H, Spangenberg T and Niehus H 
2001 Dynamic Plowing Nanolithography on Polymethylmethacrylate Using an Atomic 
Force Microscope Review of Scientific Instruments 72 136 
[8] Cen C, Thiel S, Mannhart J and Levy J 2009 Oxide Nanoelectronics on Demand Science 
323 1026 
[9] Tinazli A, Piehler J, Beuttler M, Guckenberger R and Tampe R 2007 Native Protein 
Nanolithography That Can Write, Read and Erase Nature Nanotechnology 2 220 
[10] Szoszkiewicz R, Okada T, Jones S C, Li T D, King W P, Marder S R and Riedo E 2007 
High-Speed, Sub-15 Nm Feature Size Thermochemical Nanolithography Nano Letters 7 
1064 
[11] Fenwick O, Bozec L, Credgington D, Hammiche A, Lazzerini G M, Silberberg Y R and 
Cacialli F 2009 Thermochemical Nanopatterning of Organic Semiconductors Nature 
Nanotechnology 4 664 
[12] Khurshudov A and Kato K 1995 Wear of the Atomic-Force Microscope Tip under Light 
Load, Studied by Atomic-Force Microscopy Ultramicroscopy 60 11 
[13] Qian L M, Xiao X D and Wen S Z 2000 Tip in Situ Chemical Modification and Its 
Effects on Tribological Measurements Langmuir 16 662 
[14] Hang S H and Mirkin C A 2000 A Nanoplotter with Both Parallel and Serial Writing 
Capabilities Science 288 1808 
[15] Vettiger P, Cross G, Despont M, Drechsler U, Durig U, Gotsmann B, Haberle W, Lantz 
M A, Rothuizen H E, Stutz R and Binnig G K 2002 The "Millipede" - Nanotechnology 
Entering Data Storage IEEE Transactions on Nanotechnology 1 39 
[16] Kim K J, Park K, Lee J, Zhang Z M and King W P 2007 Nanotopographical Imaging 
Using a Heated Atomic Force Microscope Cantilever Probe Sensors and Actuators a-
Physical 136 95 
[17] Bhaskaran H, Sebastian A, Drechsler U and Despont M 2009 Encapsulated Tips for 
Reliable Nanoscale Conduction in Scanning Probe Technologies Nanotechnology 20 
[18] Bhaskaran H, Sebastian A and Despont M 2009 Nanoscale Ptsi Tips for Conducting 
Probe Technologies IEEE Transactions on Nanotechnology 8 128 
44 
 
[19] Bhaskaran H, Gotsmann B, Sebastian A, Drechsler U, Lantz M A, Despont M, 
Jaroenapibal P, Carpick R W, Chen Y and Sridharan K 2010 Ultralow Nanoscale Wear 
through Atom-by-Atom Attrition in Silicon-Containing Diamond-Like Carbon Nature 
Nanotechnology 5 181 
[20] Givargizov E I, Zhirnov V V, Kuznetsov A V and Plekhanov P S 1993 Growth of 
Diamond Particles on Sharpened Silicon Tips Materials Letters 18 61 
[21] Kim K H, Moldovan N, Ke C H, Espinosa H D, Xiao X C, Carlisle J A and Auciello O 
2005 Novel Ultrananocrystalline Diamond Probes for High-Resolution Low-Wear 
Nanolithographic Techniques Small 1 866 
[22] Tanasa G, Kurnosikov O, Flipse C F J, Buijnsters J G and van Enckevort W J P 2003 
Diamond Deposition on Modified Silicon Substrates: Making Diamond Atomic Force 
Microscopy Tips for Nanofriction Experiments Journal of Applied Physics 94 1699 
[23] Sumant A V, Grierson D S, Gerbi J E, Birrell J, Lanke U D, Auciello O, Carlisle J A and 
Carpick R W 2005 Toward the Ultimate Tribological Interface: Surface Chemistry and 
Nanotribology of Ultrananocrystalline Diamond Advanced Materials 17 1039 
[24] Krauss A R, Auciello O, Gruen D M, Jayatissa A, Sumant A, Tucek J, Mancini D C, 
Moldovan N, Erdemir A, Ersoy D, Gardos M N, Busmann H G, Meyer E M and Ding M 
Q 2001 Ultrananocrystalline Diamond Thin Films for Mems and Moving Mechanical 
Assembly Devices Diamond and Related Materials 10 1952 
[25] Bhattacharyya S, Auciello O, Birrell J, Carlisle J A, Curtiss L A, Goyette A N, Gruen D 
M, Krauss A R, Schlueter J, Sumant A and Zapol P 2001 Synthesis and Characterization 
of Highly-Conducting Nitrogen-Doped Ultrananocrystalline Diamond Films Applied 
Physics Letters 79 1441 
[26] Holt K B, Hu J and Foord J S 2007 Fabrication of Boron-Doped Diamond 
Ultramicroelectrodes for Use in Scanning Electrochemical Microscopy Experiments 
Analytical Chemistry 79 2556 
[27] Chung K H and Kim D E 2007 Wear Characteristics of Diamond-Coated Atomic Force 
Microscope Probe Ultramicroscopy 108 1 
[28] Salvadori M C, Fritz M C, Carraro C, Maboudian R, Monteiro O R and Brown I G 2001 
Characterization of AFM Cantilevers Coated with Diamond-Like Carbon Diamond and 
Related Materials 10 2190 
[29] Liu J, Grierson D S, Moldovan N, Notbohm J, Li S, Jaroenapibal P, O'Connor S D, 
Sumant A V, Neelakantan N, Carlisle J A, Turner K T and Carpick R W 2010 Preventing 
Nanoscale Wear of Atomic Force Microscopy Tips through the Use of Monolithic 
Ultrananocrystalline Diamond Probes Small 6 1140 
[30] Lee J, Beechem T, Wright T L, Nelson B A, Graham S and King W P 2006 Electrical, 
Thermal, and Mechanical Characterization of Silicon Microcantilever Heaters Journal of 
Microelectromechanical Systems 15 1644 
[31] Williams O A, Douhéret O, Daenen M, Haenen K, Osawa E and Takahashi M 2007 
Enhanced Diamond Nucleation on Monodispersed Nanocrystalline Diamond Chemical 
Physics Letters 445 255 
[32] Sumant A V, Grierson D S, Gerbi J E, Carlisle J A, Auciello O and Carpick R W 2007 
Surface Chemistry and Bonding Configuration of Ultrananocrystalline Diamond Surfaces 
and Their Effects on Nanotribological Properties Physical Review B 76 
45 
 
[33] Chui B W, Asheghi M, Ju Y S, Goodson K E, Kenny T W and Mamin H J 1999 Intrinsic-
Carrier Thermal Runaway in Silicon Microcantilevers Microscale Thermophysical 
Engineering 3 217 
[34] Agrawal R, Moldovan N and Espinosa H D 2009 An Energy-Based Model to Predict 
Wear in Nanocrystalline Diamond Atomic Force Microscopy Tips Journal of Applied 
Physics 106 
[35] Gotsmann B and Lantz M A 2008 Atomistic Wear in a Single Asperity Sliding Contact 
Physical Review Letters 101 
[36] Yang M, Sheehan P E, King W P and Whitman L J 2006 Direct Writing of a Conducting 
Polymer with Molecular-Level Control of Physical Dimensions and Orientation Journal 







CHAPTER 3: ELECTRO-THERMAL NANOPROBE 
 
3.1 Introduction 
The atomic force microscope (AFM) [1] is a versatile instrument for probing the 
nanometer-scale properties of materials.  Much work has been published on the use of AFM 
probes that can measure the nanometer-scale electronic properties of materials [2-5].  Similarly, 
thermal AFM probes can measure the temperature-dependent properties of materials [6-8] or 
induce thermally-activated surface modifications at the nanometer scale [9-11].  Combined 
electro-thermal measurements are extremely limited [12, 13] due to the lack of suitable electro-
thermal AFM probes.  This chapter describes a scanning probe tool that overcomes this 
limitation through a temperature-controlled electrode tip and reports significant additional 
information on fabrication, characterization, and analysis beyond that given in a prior workshop 
[14]. 
Electronic measurements with AFM probes include a wide variety of measurement 
techniques, including current mapping [15, 16], electrical resistance measurement [17, 18], and 
capacitance measurement [18, 19].  Nanometer-scale electronic properties can also be measured, 
such as work function [2] or ferroelectric properties [20, 21].  Electrically functional AFM 
probes can also modify a surface through localized oxidation [22], patterning self-assembled 
monolayers [23, 24],  and controlling nanometer-scale electrochemical reactions [25, 26].  While 
these electronic properties and nanofabrication techniques are generally dependent upon 
temperature, there is no convenient method for simultaneously controlling local temperature and 
electric fields within an AFM.  
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A heated AFM cantilever has the ability to control temperature at the scanning probe tip 
with an integrated solid-state heater [27, 28].  Such devices were initially developed and refined 
for the purpose of data storage [29, 30], but have since been adapted for thermal property 
analysis [6-8, 31], nanometrology [32, 33], nanometer-scale thermal depositions [10, 34-36], and 
controlling nanometer-scale thermochemical reactions [9-11, 37].  The effect of an electric field 
during these thermal nanofabrication processes has yet to be explored. 
A few papers have endeavored to combine electrical and thermal measurements in 
scanning probe microscopy.  Kalinin et al. [38] performed temperature-dependent scanning 
surface potential microscopy (SSPM) on ferroelectric materials using a heater stage.  This 
technique relied on heating the entire sample and thus required a significant amount of time, ~0.5 
hours, for the AFM system to reach thermal equilibrium after each temperature change before 
scanning could proceed.  Remmert et al. [12] used a thermal AFM probe to locally measure 
contact potentials and Lee et al. [13] used the same probe and instrumentation setup to perform 
temperature-dependent scanning gate microscopy (SGM).  The thermal AFM probe was a “U”-
shaped cantilever having two conductive legs connected in series to a resistive heater at the 
cantilever free end.  Both conductive cantilever legs were biased with the same voltage to 
generate an electric field at the tip with no heating, while a potential difference across the 
cantilever legs caused Joule heating in the resistive heater and the simultaneous tip electric field 
was equal to half the total voltage difference.  In this manner the authors were able to control the 
local electric and temperature fields around the scanning tip by carefully biasing the conductive 
cantilever legs.  However, the electro-thermal method used in both papers was complicated and 
only allowed the static control of electric and temperature fields.  It was not possible to 
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dynamically change either the tip temperature or electric field without altering the other 
parameter. 
This chapter reports an electro-thermal AFM cantilever where the heating and electronic 
functions are both integrated into the cantilever, but can be independently controlled.  The 
electrical separation is achieved using selective doping to form semiconductor diodes at the free 
end of the cantilever. 
 
3.2 Design 
The goal of this work is to produce an electro-thermal (ET) microcantilever capable of 
heating a scanning probe tip by means of an integrated solid-state heater while simultaneously 
measuring or applying an electric potential at that tip.  A key requirement for such a probe is to 
control temperature independently from the electrical measurement.  Figure 3.1 shows the design 
of the doped silicon ET cantilever.  The cantilever has three legs of length 155 μm, width 20 μm, 
and thickness 1 μm.  These dimensions were chosen such that the cantilever spring constant is 
close to 1 N m-1, which is a typical spring constant for contact mode cantilevers having 
integrated heaters [28].  The legs extend from anchor beams four times as thick that serve to 
more precisely control the device spring constant by removing dependence of cantilever leg 
length on where the device chip edge is located.  Two of the legs are connected in series to a 
resistive heater region and the third leg is used to address the conductive scanning probe tip.  We 
selected doped silicon as the heater because of its ability to self-heat to high temperatures [28, 
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bias has a large electric potential barrier.  Therefore, we chose to construct the ET cantilever 
using single-crystal silicon and selective doping to form the electrically active components. 
Figure 3.1 shows how the different doping regions permit integration of a solid-state 
heater-thermometer that is electrically isolated from an electrode tip.  The solid-state heater is a 
region of single-crystal silicon low-doped n-type with antimony and connected in series with two 
high-doped antimony n+-type cantilever legs carrying current to and from the heater region.  The 
heater region dimensions were selected such that the target sheet resistance Rs of 550 Ω □-1 
would achieve a heater electrical resistance close to 2.2 kΩ [28].  The tip electrode is silicon 
high-doped with antimony to form an n+-type conductive pathway along a third cantilever leg to 
the probe tip.  The heater and tip electrode were electrically isolated using semiconductor doping 
to form an npn junction between the heater and electrode.  The thin isolation region of silicon 
was high-doped p+-type with boron, forming a back-to-back Zener diode and standard diode.  In 
this manner, the tip was electrically isolated from the heater until the voltage difference between 
tip and heater exceeded the reverse voltage breakdown of the standard diode.  Similarly, the 
heater was electrically isolated from the tip until the voltage difference exceeded the reverse 
voltage breakdown of the Zener diode.  The npn junction is similar to a bipolar junction 
transistor (BJT) where the p+-type region is a floating base. 
The selection of doping process parameters is critical to the cantilever and process 
design.  The ET cantilever is designed to electrically insulate the electrode from the heater region 
using selective semiconductor doping and therefore the ion implantation and dopant diffusion 
steps are some of the most critical design parameters.  Integrating a high-quality npn 
semiconductor junction at the free end of a cantilever is technically challenging.  There are 
separate implant/anneal steps for the legs and the isolation junction.  The dopants in the 
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cantilever diffuse both laterally and vertically during each anneal step, and so care must be taken 
such that the desired final distribution of dopants is reached.  The cantilever beam is a three-
dimensional structure whose beam thickness may vary from 0.5 - 1.5 μm over a 100 mm silicon-
on-insulator wafer, yet the npn junction must extend through the entire thickness of the beam in 
order to achieve good electrical isolation of the heater region.  The electrode region must be 
doped as high as possible in order to achieve good electrical connection to the cantilever tip, 
while the heater region should be at a uniform doping concentration suitable for control of the 
resistive heating.  Thus, we must balance several competing parameters during the doping steps.  
The heater region was low-doped n-type, with a dopant concentration near 1x1018 cm-3 
corresponding to a calculated heater resistance of ~ 2 kΩ.  We chose antimony (Sb) as the n-type 
dopant because of its large atomic mass, which prevents significant diffusion during early 
diffusion steps, and we chose the common dopant boron (B) as the p-type dopant.  To reduce 
fabrication steps, we started with a single-crystal silicon wafer doped with a background 
antimony atom concentration corresponding to the heater region concentration of 1x1018 cm-3.  
The cantilever electrode leg must be heavily doped n+-type to minimize electrical resistance.  A 
maximum reasonable resistance of 100 Ω in the electrode leg is achievable for a silicon 
resistivity less than 0.001 Ω·cm.  As such, we chose a target Sb dopant concentration of 1x1020 
cm-3, which is capped by the solid solubility limit of Sb in silicon at standard diffusion 
temperatures, 1.2x1020 cm-3 at 1100 °C [41].  The isolation region must be doped p+-type and the 
dopant concentration must be sufficiently higher than the background doping.  However, high 
p+-type doping levels would lead to a reduction in the breakdown voltage.  Therefore, we 
selected an intermediate p+-type dopant concentration of 1x1019 cm-3.  
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The optimal doping parameters must achieve three different dopant concentrations with 
minimal deviation through the thickness of the cantilever beam, restrict lateral diffusion of the 
dopants, and minimize surface damage to the silicon, while simultaneously integrating with 
process parameters for producing the suspended AFM microcantilever.  The first and less critical 
dopant diffusion step required a drive-in at 1000 °C for 60 minutes.  The second and most 
critical dopant diffusion step is dictated by the microcantilever thickness.  For a furnace 
temperature of 1100 °C, simulations indicated the dopant species must be driven in for 150 
minutes or 210 minutes if the required diffusion depth is 1.5 μm or 2.0 μm, respectively.  The 
doping parameters yield the desired dopant concentrations in the heater, isolation, and 
conductive electrode regions while maintaining the isolation region width of 5 μm. 
 
3.3 Fabrication 
Figure 3.2 shows the ET cantilever fabrication steps.  We fabricate the doped ET 
microcantilevers on a 100 mm silicon-on-insulator (SOI) wafer with a handle layer thickness of 
500 μm, a silicon dioxide buried oxide (BOX) layer thickness of 1 μm, and a device layer 
thickness of 5 ± 0.5 μm with resistivity 0.01 – 0.05 Ω·cm doped n-type with antimony.  First, we 
fabricate the cantilever anchor regions and the dull tips using an inductively coupled plasma 
(ICP) deep reactive-ion etch (DRIE) to etch 2 μm into the silicon device layer, then use an 
oxidation sharpening technique [42] to sharpen the silicon tips to about 10 nm radius.  An ICP-
DRIE etch through the remaining silicon device layer to the oxide BOX layer defines the final 
cantilever beam shape.  Next, we deposit and pattern a 300 nm plasma-enhanced chemical vapor 
deposition (PECVD) silicon dioxide mask and dope the high-doped n+-type regions using ion 
implantation of antimony with implantation parameters mentioned previously.  Following the 
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first ion implantation, we remove the mask oxide and deposit a diffusion barrier PECVD oxide 
300 nm thick, then anneal the dopant in N2 at 1000 °C for 60 minutes.  A wet etch removes the 
barrier oxide, then the p+-type isolation region is doped through a photoresist mask using ion 
implantation of boron with implantation parameters also mentioned previously.  After the second 
ion implantation, we remove the photoresist mask and deposit a second diffusion barrier PECVD 
oxide 300 nm thick, then simultaneously anneal the antimony and boron dopants based on 
measured microcantilever beam thickness.  We open vias in the PECVD oxide down to the high-
doped silicon microcantilever legs and fabricate electrical contacts with a 10 nm sputtered 
chromium adhesion layer beneath 250 nm of sputtered gold.  The cantilever devices are further 
protected with 400 nm of PECVD oxide and we etch through the SOI handle layer to the 
sacrificial silicon dioxide layer with an ICP-DRIE etch.  Finally, the cantilevers are released by 
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Figure 3.3 shows micrographs of a fabricated cantilever.  The doped regions of silicon are 
distinguishable by the different shades of gray.  Some surface crystal lattice damage is evident in 
the antimony-doped regions, which we believe was caused by the high-dose antimony 
implantation.  There is however no evidence that the damage affects device electrical 
performance.  The average tip radius across the wafer was 10 - 40 nm before implantation and 50 
- 100 nm after implantation.  We suggest that surface damage might be reduced by growing a 40 
nm thick thermal oxide on the silicon surface before ion implantation.  The average cantilever 
resonant frequency is 42.7 ± 2.5 kHz, quality factor is 45.0 ± 3.6, and spring constant is 0.57 ± 
0.12 N m-1 and these mechanical properties were measured in an Asylum MFP-3D AFM system.  



































) is located 
ome surface
and electri






at the apex 
 damage to
cal propert
We used a R











































































eg is either 
te the heat
oes not sig






















tage is the t
 of 5.4 μm 










r.  Total vo
otal voltage
when the ca
 V.  The el
tilever tip 
perature d
n when the t
uring heate
l (right).  L
ature as a f
uit with a s
ess otherwis
ltage is the











































istor.  As v
equently inc
.5  DC re
e and heate





ce of the re
heater regio












 curves for a
r to a resis
sistance [4
n to the tip 




ner diode.  
ases, heater








3].  Across 
electrode in
kdown in th















 a forward d
e forward di
volts, at wh















































 of ~ -12 v





















































 Note the 
akage two 




 the tip elec
during heat
urrent-volta
 shows a cu
 sweep acro













ss the npn r





evice on a h















Less than ± 
es between








 near ~ -20 v
through the

















 ± 10 
rrent 






The performance of the isolation npn junction is a function of the cantilever temperature.  
Figure 3.6(c) shows I-V curves across the isolation npn junction at different cantilever 
temperatures.  The cantilever was attached to a heater stage with high-efficiency heat sink 
compound and covered with a glass slide to reduce convective heat transfer.  Diode performance 
degrades with increasing temperature and the sharp transition characteristic of breakdown 
voltage disappears between cantilever temperatures of 150°C - 200°C. 
To better understand the dual-operating nature of these devices, we measured the 
dissipation of power in the heater region and across the isolation region during ET cantilever 
operation.  For this experiment, we monitored the current and voltage across separate 10 kOhm 
sense resistors in series with the cantilever heater and tip electrode in order to calculate the 
power being dissipated in each respective region.  Figure 3.7(a) shows the experiment circuit 
diagram and Figure 3.7(b) shows the power dissipated across the heater region and isolation 
region for a given tip electrode potential and heater temperature.  For the case shown in Figure 
3.7, the heater temperature was controlled using positive voltages.  In general, positive tip 
potentials result in very little power dissipation across the isolation region, indicating that device 
heating stems solely from power dissipated in the heater region.  For this case where applied 
heater voltage is positive, negative tip potentials exceed the critical voltage differential across the 
npn isolation region necessary for diode breakdown and thereby generate some power dissipation 
across the isolation region.  Alternatively, for the case where the voltage drop across the heater 
region is supplied by a negative voltage, positive tip potentials exceed the critical voltage 
differential across the npn junction.  Because heating depends only on the magnitude of the 
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region forms a capacitor whose junction capacitance limits the frequency at which the minority 
carrier electrons can respond to changes in the direction of voltage bias [47].  From low-
frequencies near 0.1 Hz the magnitude of the transfer function quickly rises to a maximum 
coupling across the npn junction of about 0.2.  The coupling magnitude drops sharply at the 
junction cutoff frequency near 400 kHz.  Above this frequency the transfer function is essentially 
zero with no alternating current flowing across the npn junction, which makes it possible to 
reduce coupling by operating the ET cantilever above the cutoff frequency.  
Figure 3.9(b) shows temperature calibration of the heater operating in AC mode where a 
sinusoidal voltage V3 is applied to the outer heater leg and both the middle heater leg and tip 
electrode leg are grounded through 10 kΩ resistors.  The micro Raman spectroscope measures 
time-averaged rather than instantaneous temperature.  Heating is relatively inefficient at lower 
frequencies where the magnitude of the transfer function is large, but is efficient when the 
heating frequency is above the junction cutoff frequency.  At low frequencies where the transfer 
function is large, especially between 10 Hz - 200 kHz, much of the current that would normally 
contribute to heating power is lost across the npn junction to the grounded tip electrode.  At 
higher frequencies where the transfer function is small, especially above the cutoff frequency of 
400 kHz, very little current is lost across the npn junction and thus almost all of the applied 
current is efficiently dissipated across the heater-resistor.  We conclude that the cantilever could 
be used to perform AC measurements above 400 kHz, where the thermal operation is 
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3.5 Discussion and Conclusion 
We have demonstrated an AFM cantilever with npn semiconductor junction capable of 
independently controlling the application of heat and electric potential at a sharp silicon tip.  This 
electro-thermal cantilever combines the functions of heated and electrically-conductive AFM 
cantilevers.  The thermal and electrical properties of the cantilever were determined for both DC 
and AC mode operation.  The diodes located at the free end of the cantilever breakdown at room 
temperature with a voltage differential of ~ 10 V across the npn junction.  The diode 
performance is also temperature-dependent with electrical isolation ceasing between 150°C - 
200°C.  Such a device could be used to measure nanoscale electronic properties as a function of 
temperature, direct electrochemical reactions, measure temperature dependent 
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CHAPTER 4: HEATED NANOPROBE THERMOCOUPLE 
 
4.1 Introduction 
Heat transfer at point contacts has been an area of intense research [1-8].  In scanning 
thermal microscopy (SThM) [6, 7, 9-12], a scanning probe tip with an integrated temperature 
sensor measures highly localized temperature or thermal conductivity.  The point contact heat 
transfer governs the accuracy of these measurements.  There has been significant interest in the 
development of atomic force microscope (AFM) cantilevers with integrated heaters [13-20], 
which can apply a controlled, nanometer-scale heat source to a substrate.  Such a nanometer-
scale hot spot has applications for characterizing [21-27] or modifying [28-30] thermally 
sensitive samples at the nanometer-scale.  An understanding of the tip-substrate interface 
temperature is critical for the further development and application of these technologies.    
The interface temperature between a nanometer-scale tip and substrate has been 
historically difficult to establish due to challenges in understanding thermal conduction through 
the substrate, the tip-substrate contact area, and the quality of the interfacial contact between tip 
and substrate [5-7].  Published research has investigated the heat flow processes and tip-substrate 
interface temperature for heated silicon AFM cantilevers with experiments [5] and modeling [4, 
31].  One approach to calibrate the interface temperature is to observe the tip interaction with 
polymer substrates having a known glass transition [32] or heat-induced crystallization [24] 
temperature.  However, these results depend on tip geometry and require that the tip-substrate 
thermal conductance does not change after calibration.   
70 
 
Temperature sensing with SThM probes is usually performed by measuring the 
thermoelectric voltage of a thermocouple positioned near the tip-substrate interface.  The 
thermocouple junction is either near the tip [6, 7] or at the interface [1-3].  The tip temperature is 
calculated from the measured thermoelectric voltage and a calibrated Seebeck coefficient [7, 9, 
10].  In previous work, the goal has been to measure the junction temperature that results from 
sample-side heating.  Sadat et al. used a point contact thermocouple scheme to map interface 
temperature fields with sample-side heating and demonstrated ~10 mK temperature resolution 
and < 100 nm spatial resolution [3].  A more complete understanding of the tip-sample thermal 
transport could be enabled by comparing this type of measurement with tip-side heating. 
This chapter presents measurements of thermoelectric voltage at the thermocouple point 
contact junction when the temperature rise is a result of tip-side heating.  The experiments used 
an electro-thermal (ET) cantilever [33] in contact with metal-coated substrates to form a point 




The ET cantilever combines the functions of a cantilever having an integrated heater and 
a cantilever having a metal probe tip.  Figure 4.1 shows the design of the metalized ET 
cantilever.  The device has three legs of length 155 μm, width 20 μm, and thickness 1 μm.  The 
legs extend from thick anchor beams which help control the device spring constant by removing 
dependence of cantilever leg length on where the device chip edge is located.  Two of the legs 
are connected in series to a resistive heater region and the third leg is used to address the 
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Figure 4.2 shows the ET cantilever fabrication steps.  We fabricate the metalized ET 
microcantilevers on a 100 mm silicon-on-insulator (SOI) wafer with a handle layer thickness of 
500 μm, a silicon dioxide buried oxide (BOX) layer thickness of 1 μm, and a device layer 
thickness of 5 ± 0.5 μm with resistivity 0.01 – 0.05 Ω·cm doped n-type with antimony.  First, we 
etch the cantilever anchor regions and the dull tips using an inductively coupled plasma (ICP) 
deep reactive-ion etch (DRIE) to etch 2 μm into the silicon device layer, then use an oxidation 
sharpening technique [35] to sharpen the silicon tips to about 10 nm radius.  An ICP-DRIE etch 
through the remaining silicon device layer to the oxide BOX layer defines the final cantilever 
beam shape.   
Next, we deposit and pattern a 300 nm plasma-enhanced chemical vapor deposition 
(PECVD) silicon dioxide mask and dope the high-doped n+-type regions using ion implantation 
of antimony with an acceleration energy of 120 keV and a concentration of 2x1016 cm-2.  
Following the first ion implantation, we remove the mask oxide and deposit a diffusion barrier 
PECVD oxide 300 nm thick, then anneal the dopant in N2 at 1000°C for 60 minutes and 1100°C 
for 150 minutes.  A wet etch removes the barrier oxide, then we grow 25 nm of thermal oxide in 
an oxidation furnace at 950°C.  After the oxide growth, we pattern a photoresist mask for the 
metal tip electrode and deposit a 10 nm sputtered chromium adhesion layer beneath 40 nm of 
sputtered platinum.  The unnecessary metal and photoresist are removed through lift-off in 
acetone.  The excess thermal oxide will be removed later in a self-aligning process where only 
the oxide beneath the Pt trace will remain.  A layer of PECVD oxide 300 nm thick protects the 
tip and electrode during subsequent fabrication.   
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We open vias in the PECVD oxide down to the high-doped silicon microcantilever legs 
and fabricate electrical contacts with a 10 nm sputtered chromium adhesion layer beneath 250 
nm of sputtered gold.  The cantilever devices are further protected with 400 nm of PECVD oxide 
and we etch through the SOI handle layer from the backside to the sacrificial silicon dioxide 
layer with an ICP-DRIE etch.  Finally, the cantilevers are released by removing the BOX layer, 
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4.5 Results and Discussion 
In order to form a thermocouple junction between the tip and substrate, the substrates 
were sputter coated with 100 nm of gold (Au).  We chose Pt for the tip electrode and Au for the 
substrate electrode because they have a large difference in bulk Seebeck coefficients: +2.86 
μV/K for Au versus -7.9 μV/K for Pt.  The substrate was either soda-lime glass or quartz, which 
have thermal conductivities of 1.1 and 9.4 W/mK, respectively.  
Figure 4.4(a) shows the experiment circuit diagram for measuring thermoelectric voltage 
using an ET cantilever with Pt electrode contacting a Au-coated substrate.  The ET cantilever 
was mounted in an Asylum Research MFP 3D AFM such that there was independent electrical 
connection to each of the three active cantilever legs.  The substrate was fixed on a temperature-
controlled stage and the experiment was conducted in air at 20 °C.  Figure 4.4(b) shows the tip-
substrate system and the relevant temperatures, which are the cantilever heater temperature, 
THeater, the tip-substrate interface temperature, TInterface, the substrate surface temperature away 
from the tip, TSurface, and the substrate temperature, TSubstrate.   
First, we measured point contact thermoelectric voltage, VTC, with substrate temperature, 
TSubstrate, varied over the range 30 – 100 °C without cantilever heating.  The cantilever was 
brought into contact with the substrate with a load of 10 nN.  The Pt-coated tip and Au-coated 
substrate formed a point contact thermocouple generating thermoelectric voltage, VTC, which was 
measured by a nanovoltmeter five times for each temperature.  The temperature was selected in 
random order to avoid hysteresis effects.  During substrate heating we did not monitor THeater, 
which was certainly above room temperature from heat conduction through air.   However, VTC 
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isothermal and we assume TSubstrate = TSurface = TInterface.  The separate experiments generate two 
linear equations for each type of substrate: VTC = C1·TInterface and VTC = C2·THeater, where C1 is 
thermopower induced by the temperature increase of the interface and C2 is thermopower 
induced by the temperature increase of the cantilever heater.  We combine these equations to 
eliminate the variable VTC.  The constants are C1,Glass = 3.16 μV/K, C1,Quartz = 3.62 μV/K, C2,Glass 
= 1.81 μV/K, and C2,Quartz = 0.43 μV/K.  It is thus possible to extract the tip-substrate interface 
temperature TInterface = (C2/C1)·THeater.   
Figure 4.6 shows TInterface as a function of THeater for both substrates.  The nondimensional 
interface temperature, θInterface = (TInterface - T∞) / (THeater - T∞), is the slope of a linear fit to the 
experimental data.  For a heated tip contacting a room temperature substrate in air, θInterface, Glass = 
0.593 and θInterface, Quartz = 0.125.  The substrate thermal conductivity limits efficient heating of 
the tip-substrate interface; as the thermal conductivity of the substrate increases, the temperature 
rise at the interface decreases for a constant heater temperature.  Simply increasing the thermal 
conductivity of the substrate from 1.1 to 9.4 W/mK requires a 5X increase in the cantilever 
heater temperature to reach the same interface temperature.  In order to generate a large value of 
TInterface for a substrate having high thermal conductivity, either THeater must be large or a thin 
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Heat flow through the silicon tip is reduced as the cross-sectional area tapers and the 
thermal conductivity diminishes due to phonon-boundary scattering.  Nelson and King treated 
heat conduction through a silicon tip as two regimes: conduction through a conical tip capped by 
a hemisphere with radius equal to the radius of curvature of the tip [4].  For simplicity, we 
consider total tip thermal resistance, RTip, and use their reported value for thermal resistance of a 
silicon AFM tip.  We estimate tip contact area using the Hertzian model for elastic contact [38].  
The circular tip contact area affects the interfacial contact resistance, RContact, and helps 
determine heat spreading under the tip.  The tip contact radius a = 1.8 nm for a platinum-coated 
tip of radius 50 nm pressing into a gold-coated substrate with an applied force of 10 nN.  Heat 
flow from the tip contact area into the substrate is treated as a circular heat source with diameter 
2a in contact with a flat, semi-infinite substrate. 
Table 4.1 shows calculated resistances for the thermal resistor model.  We used RContact as 
a fitting parameter because quantitatively determining this value is beyond the scope of this 
work; the contact resistance is examined in more detail elsewhere [5, 6, 11].  A value of 108 K/W 
for RContact yields good agreement between model and experiment and is close to published 
results reporting tip-substrate contact resistance [4-6, 11].  The thermal resistance between the tip 
and the substrate, RContact , and the resistance of the substrate, RSub, are the largest resistances in 
this system by at least an order of magnitude, and so these resistances govern heat flow through 
the tip.  The order of magnitude difference in substrate thermal resistances stems from the 
difference in substrate thermal conductivities and is primarily responsible for the difference in 





Table 4.1  Network Model Thermal Resistances. 
 




RTip 1.0 x 106 a 1.0 x 106 a 
RContact 1.0 x 108 1.0 x 108 
RSub 1.3 x 108 1.5 x 107 
   
RGap 1.4 x 105 1.4 x 105 
RSub,2 7.6 x 103 8.9 x 102 
a From reference [4].   
 
We have demonstrated temperature-dependent electronic measurement of thermoelectric 
voltage using a single AFM cantilever.  The electro-thermal cantilever facilitates simultaneous 
tip-side heating of a sample and determination of tip-substrate interface temperature using a 
point contact thermocouple.  The interface temperature is directly measured as a function of 
cantilever heater temperature, which circumvents the need for calibration on temperature-
sensitive materials requiring constant tip-substrate thermal conductance.  This interface 




In conclusion, we have studied the tip-substrate interface temperature between a heated 
cantilever and a substrate using the thermoelectric point contact at the tip of an electro-thermal 
cantilever.  When the cantilever is heated, the nondimensional interface temperature is 0.593 for 
soda-lime glass and 0.125 for quartz.  The measurements match well with a model that assumes 
the tip-substrate interface contact resistance is 108 K/W.  This work could improve nanometer-




[1] Nonnenmacher M and Wickramasinghe H K 1992 Scanning Probe Microscopy of 
Thermal Conductivity and Subsurface Properties Applied Physics Letters 61 168 
[2] Phelan P E, Nakabeppu O, Ito K, Hijikata K, Ohmori T and Torikoshi K 1993 Heat 
Transfer and Thermoelectric Voltage at Metallic Point Contacts Journal of Heat Transfer 
115 757 
[3] Sadat S, Tan A, Chua Y J and Reddy P 2010 Nanoscale Thermometry Using Point 
Contact Thermocouples Nano Letters 10 2613 
[4] Nelson B A and King W P 2008 Modeling and Simulation of the Interface Temperature 
between a Heated Silicon Tip and a Substrate Nanoscale and Microscale Thermophysical 
Engineering 12 98 
[5] Park K, Cross G L W, Zhang Z M and King W P 2008 Experimental Investigation on the 
Heat Transfer between a Heated Microcantilever and a Substrate Journal of Heat 
Transfer 130 102401 
[6] Shi L and Majumdar A 2002 Thermal Transport Mechanisms at Nanoscale Point 
Contacts Journal of Heat Transfer 124 329 
[7] Majumdar A, Lai J, Chandrachood M, Nakabeppu O, Wu Y and Shi Z 1995 Thermal 
Imaging by Atomic Force Microscopy Using Thermocouple Cantilever Probes Review of 
Scientific Instruments 66 3584 
[8] Xu J B, Lauger K, Dransfeld K and Wilson I H 1994 Thermal Sensors for Investigation 
of Heat Transfer in Scanning Probe Microscopy Review of Scientific Instruments 65 2262 
[9] Williams C C and Wickramasinghe H K 1986 Scanning Thermal Profiler Applied Physics 
Letters 49 1587 
[10] Oesterschulze E, Stopka M, Ackermann L, Scholz W and Werner S 1996 Thermal 
Imaging of Thin Films by Scanning Thermal Microscope Journal of Vacuum Science and 
Technology B: Microelectronics and Nanometer Structures 14 832 
[11] Luo K, Shi Z, Varesi J and Majumdar A 1997 Sensor Nanofabrication, Performance, and 
Conduction Mechanisms in Scanning Thermal Microscopy Journal of Vacuum Science 
and Technology B: Microelectronics and Nanometer Structures 15 349 
[12] Majumdar A 1999 Scanning Thermal Microscopy Annual Review of Materials Science 
29 505 
[13] Vettiger P, Cross G, Despont M, Drechsler U, Durig U, Gotsmann B, Haberle W, Lantz 
M A, Rothuizen H E, Stutz R and Binnig G K 2002 The "Millipede" - Nanotechnology 
Entering Data Storage IEEE Transactions on Nanotechnology 1 39 
[14] Lee J, Beechem T, Wright T L, Nelson B A, Graham S and King W P 2006 Electrical, 
Thermal, and Mechanical Characterization of Silicon Microcantilever Heaters Journal of 
Microelectromechanical Systems 15 1644 
[15] Chui B W, Stowe T D, Ju Y S, Goodson K E, Kenny T W, Mamin H J, Terris B D and 
Ried R P 1998 Low-Stiffness Silicon Cantilevers with Integrated Heaters and 
Piezoresistive Sensors for High-Density Data AFM Thermomechanical Storage Journal 
of Microelectromechanical Systems 7 69 
[16] Gaitas A, Gianchandani S and Zhu W 2011 A Piezo-Thermal Probe for 
Thermomechanical Analysis Review of Scientific Instruments 82 053701 
[17] Abedinov N, Grabiec P, Gotszalk T, Ivanov T, Voigt J and Rangelow I W 2001 
Micromachined Piezoresistive Cantilever Array with Integrated Resistive Microheater for 
85 
 
Calorimetry and Mass Detection Journal of Vacuum Science & Technology A: Vacuum, 
Surfaces, and Films 19 2884 
[18] Lee C S, Nam H J, Kim Y S, Jin W H, Cho S M and Bu J 2003 Microcantilevers 
Integrated with Heaters and Piezoelectric Detectors for Nano Data-Storage Application 
Applied Physics Letters 83 4839 
[19] Lee D-W and Oh I-K 2007 Micro/Nano-Heater Integrated Cantilevers for Micro/Nano-
Lithography Applications Microelectronic Engineering 84 1041 
[20] Chiou C H, Chang S J, Lee G B and Lee H H 2006 New Fabrication Process for 
Monolithic Probes with Integrated Heaters for Nanothermal Machining Japanese journal 
of applied physics 45 208 
[21] Jing Z, Berry B, Douglas J F, Karim A, Snyder C R and Soles C 2008 Nanoscale 
Thermal–Mechanical Probe Determination of 'Softening Transitions' in Thin Polymer 
Films Nanotechnology 19 495703 
[22] Ovchinnikova O S, Nikiforov M P, Bradshaw J A, Jesse S and Van Berkel G J 2011 
Combined Atomic Force Microscope-Based Topographical Imaging and Nanometer-
Scale Resolved Proximal Probe Thermal Desorption/Electrospray Ionization–Mass 
Spectrometry ACS Nano 5 5526 
[23] King W P, Saxena S, Nelson B A, Weeks B L and Pitchimani R 2006 Nanoscale Thermal 
Analysis of an Energetic Material Nano Letters 6 2145 
[24] Duvigneau J, Schönherr H and Vancso G J 2010 Nanoscale Thermal AFM of Polymers: 
Transient Heat Flow Effects ACS Nano 4 6932 
[25] Nikiforov M P, Gam S, Jesse S, Composto R J and Kalinin S V 2010 Morphology 
Mapping of Phase-Separated Polymer Films Using Nanothermal Analysis 
Macromolecules 43 6724 
[26] Jesse S, Nikiforov M P, Germinario L T and Kalinin S V 2008 Local Thermomechanical 
Characterization of Phase Transitions Using Band Excitation Atomic Force Acoustic 
Microscopy with Heated Probe Applied Physics Letters 93 073104 
[27] Killgore J P and Overney R M 2008 Interfacial Mobility and Bonding Strength in 
Nanocomposite Thin Film Membranes Langmuir 24 3446 
[28] Pires D, Hedrick J L, De Silva A, Frommer J, Gotsmann B, Wolf H, Despont M, Duerig 
U and Knoll A W 2010 Nanoscale Three-Dimensional Patterning of Molecular Resists by 
Scanning Probes Science 328 732 
[29] Wei Z, Wang D, Kim S, Kim S-Y, Hu Y, Yakes M K, Laracuente A R, Dai Z, Marder S 
R, Berger C, King W P, de Heer W A, Sheehan P E and Riedo E 2010 Nanoscale 
Tunable Reduction of Graphene Oxide for Graphene Electronics Science 328 1373 
[30] Sheehan P E, Whitman L J, King W P and Nelson B A 2004 Nanoscale Deposition of 
Solid Inks Via Thermal Dip Pen Nanolithography Applied Physics Letters 85 1589 
[31] King W P 2005 Design Analysis of Heated Atomic Force Microscope Cantilevers for 
Nanotopography Measurements Journal of Micromechanics and Microengineering 15 
2441 
[32] Nelson B A and King W P 2007 Measuring Material Softening with Nanoscale Spatial 
Resolution Using Heated Silicon Probes Review of Scientific Instruments 78 023702 
[33] Fletcher P C, Bhatia B S, Wu Y, Shannon M A and King W P 2011 Electrothermal 
Atomic-Force Microscope Cantilever with Integrated Heater and N-P-N Back-to-Back 
Diodes Journal of Microelectromechanical Systems 20 644 
86 
 
[34] Nelson B A and King W P 2007 Temperature Calibration of Heated Silicon Atomic 
Force Microscope Cantilevers Sensors and Actuators A: Physical 140 51 
[35] Ravi T S, Marcus R B and Liu D 1991 Oxidation Sharpening of Silicon Tips Journal of 
Vacuum Science and Technology B: Microelectronics and Nanometer Structures 9 2733 
[36] Salvadori M C, Vaz A R, Teixeira F S, Cattani M and Brown I G 2006 Thermoelectric 
Effect in Very Thin Film Pt/Au Thermocouples Applied Physics Letters 88 133106 
[37] Kim K J, Park K, Lee J, Zhang Z M and King W P 2007 Nanotopographical Imaging 
Using a Heated Atomic Force Microscope Cantilever Probe Sensors and Actuators A: 
Physical 136 95 
[38] Hertz H 1882 On the Contact of Rigid Elastic Solids Journal für die reine und 











Ferroelectric materials have garnered widespread interest in recent years, mainly for their 
potential use in memory storage and integrated microelectronics [1, 2].  Ferroelectric polarization 
is produced by displacements of the sublattice atomic structure and thus devices based on 
ferroelectric materials could in principle operate at lattice scales [3].  It is possible to non-
destructively map nanometer-scale ferroelectric domains using SPM techniques.  Contact 
imaging methods include atomic force microscopy (AFM) and piezoresponse force microscopy 
(PFM), while non-contact imaging methods include electrostatic force microscopy (EFM) and 
Kelvin probe force microscopy (KPFM).  Ferroelectric materials emit electromagnetic radiation 
when the spontaneous polarization of the material is rapidly switched, whether through a 
temperature change, mechanical strain, or an electric field [4].  Traditionally, studies of electron 
emission in ferroelectric materials have focused on samples of millimeter length scale or larger.  
To date, a ferroelectric material has never been deposited on the end of a microcantilever.  This 
chapter reports a nanometer-scale tip with an integrated thin film of crystalline PbZr0.2Ti0.8O3 
(PZT) capable of rapid self-heating to achieve pyroelectric electron emission. 
Electron emission from ferroelectric materials has been well documented and studied for 
more than half a century [4, 5].  Ferroelectrics emit electrons with relatively high current 
densities in poor vacuum and with instant turn-on.  Weak electron emission occurs during rapid 
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layer defines the final device shape.  Next, we pattern a photoresist mask and the entire structure 
is low doped n-type with phosphorus using ion implantation.  Following the first ion 
implantation, we remove the photoresist mask and deposit a 300 nm thick diffusion barrier 
plasma-enhanced chemical vapor deposition (PECVD) oxide and then anneal the dopant in N2 at 
1000 °C for 30 min.  Subsequently, the device legs are high doped n+-type with phosphorus 
through another photoresist mask and we once more remove the photoresist mask, deposit a 300 
nm thick diffusion barrier PECVD oxide, and then anneal the phosphorus dopants in N2 at 1000 
°C for 120 min.  
After the final dopant annealing, we strip the barrier oxide and check the exposed heater-
thermometer for proper resistance.  Next, we use a photoresist mask to protect most of the device 
region except for a 14 μm square around the nanoprobe tip, which allows us to selectively sputter 
coat the silicon tip with a 5 nm titanium adhesion layer and 75 nm of platinum.  The platinum is 
predominantly (111) oriented due to its low surface energy and thus serves as a smooth, high-
temperature compatible template for growing (001) oriented films of PZT.  The PZT layer is 
deposited using pulsed laser deposition at room temperature employing a KrF excimer laser and 
a Pb1.1Zr0.2Ti0.8O3 ceramic target.  The excess platinum and PZT are removed through lift-off in 
acetone and the remaining PZT is annealed in a furnace at 600 °C for 30 minutes in 1 atm 
oxygen to crystallize the PZT.  The growth and annealing conditions were optimized to achieve 
fully (001) oriented PZT as determined by ex-situ X-ray diffraction studies.  The nanoprobe is 
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Finally, the ferroelectric cantilever could function as a nanometer-scale acoustic source 
by rapidly switching polarization states with an AC signal. This technique would be limited by 
the switching speed of the PZT polarization states. A nanometer-scale acoustic source could be 
used for mapping the speed of sound in a material with sub-100 nm resolution or for nano-
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
 
This dissertation demonstrates heated atomic force microscope probes with new 
functionalities for nanofabrication and nanometrology.  For nanofabrication, the present work 
has three main areas of interest: reducing tip wear, diminishing tip fouling from debris, and 
measuring interface temperature.  Tip wear was a focus of this dissertation because, while tip-
based nanofabrication exceeds the resolution of optical lithography techniques, tip wear is one 
factor limiting industry adoption.  We simultaneously sought to minimize the adhesion of 
manufacturing debris to the tip from van der Waals forces because unpredictability in tip shape 
limits repeatable and consistent nanofabrication.  While some work has been done to reduce or 
cope with scanning probe tip wear, no currently published research demonstrates tip stability for 
a heated scanning probe operating under harsh nanomanufacturing conditions.  This dissertation 
describes a technique for directly measuring tip-substrate interface temperature because 
determining interface temperature is critical for highly localized thermal processing.  For 
nanometrology, the present work has two areas of interest: combining electrical & thermal 
measurements, and depositing crystalline ferroelectric material on silicon tips.  We endeavored 
to combine capabilities for local electric and thermal measurements because surface properties 
are almost always sensitive to temperature and electric potential.  This dissertation demonstrates 
the fabrication of a crystalline ferroelectric on a single-crystal silicon tip. 
The diamond-coated tips were durable under all wear tests and consistently outperformed 
the silicon tips under harsh conditions necessary for nanofabrication.  We observed no signs of 
the delamination commonly found with commercial diamond-coated probes when used simply 
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for metrology.  The primary wear mechanism for the diamond tips is gradual atom-by-atom 
attrition of the sliding surface.  The diamond-coated probes also resisted fouling by the 
accumulation of debris.  The anti-fouling characteristics of the diamond tip can be attributed to 
the low surface energy, as well as the chemical stability, of diamond.  Integrating 
ultrananocrystalline diamond with silicon scanning probes makes it possible to use massive 
arrays of robust and independently controlled nanoprobe tips for fabrication. 
The present work demonstrates a technique for studying the tip-substrate interface 
temperature between a heated cantilever and a sample.  Thermoelectric voltage between the 
platinum-coated tip of a heated AFM cantilever and a gold-coated substrate is directly 
proportional to the local temperature of the point contact [1].  The demonstrated interface 
temperature calibration method is appropriate for substrates with thermal conductivity < 20 
W/mK.  The procedure for measuring thermoelectric voltage discussed in this dissertation can be 
used to calibrate cantilever heater temperature with interface temperature for intimate control 
over thermal nanofabrication parameters. 
To enhance the thermal capabilities of traditional scanning probe microscopy, this 
dissertation reports fabrication of an AFM cantilever capable of independently controlling the 
local application of heat and electric potential.  This electro-thermal cantilever combines the 
functions of heated and electrically-conductive AFM cantilevers using either selective 
semiconductor doping or an insulated metal trace to achieve electrical separation.  The thermal 
and electrical properties of the cantilever were determined for both DC and AC mode operation.   
We showed electrical isolation of the diodes up to a voltage differential of ~ 10 V across the npn 
junction.  The diode performance is also temperature-dependent, with electrical isolation ceasing 
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between 150 °C - 200 °C.  The electro-thermal cantilever could be used to measure nanoscale 
electronic properties as a function of temperature or direct electrochemical reactions. 
To facilitate the study of pyroelectric electron emission from nanometer scale 
ferroelectric tips, this dissertation demonstrates a batch fabrication process for producing heated 
nanoprobe tips coated with crystalline PbZr0.2Ti0.8O3 (PZT).  Platinum serves as a smooth, high-
temperature compatible template for growing (001) oriented films of PZT at room temperature, 
which are later annealed to crystallize the PZT.  Such devices are designed for electron emission 
through rapidly switching polarization with an electric field or temperature gradient.  The 
incorporation of ferroelectric material in a nanometer-sharp tip could facilitate nanoscale 
electron sources for miniature electron microscopes and nano-characterization tools.  This work 
contributes tools and techniques for better control of thermal nanofabrication and scanning probe 
metrology. 
 
6.1 Future Work 
Advancing control of tip shape and interface temperature to better understand 
nanofabrication with heated scanning probes could promote industrial nanomanufacturing.  
Future work on controlling electric and thermal potential at a scanning probe tip could focus on 
measuring temperature-dependent nanometer scale properties and developing miniaturized 
electron sources. 
6.1.1 Diamond-Coated Heated Nanoprobe 
Further development of the ultrananocrystalline diamond coating could improve quality 
of the heated cantilever tips.  Conformal coating of microfabricated structures would benefit 
99 
 
from reduced diamond grain sizes and less accumulation of individual grains into larger 
‘supergrains’.  Ideally, the coating would be amorphous, similar to diamond-like carbon, but 
composed entirely of sp3-bonded carbon.  Better control over the deposition uniformity would 
facilitate thinner films for improved tip sharpness.  Doping diamond with nitrogen during 
chemical vapor deposition causes the diamond to become moderately conductive [2], which 
could be exploited for creating durable conductive AFM cantilevers that last much longer than 
the delicate metalized cantilevers in use today. 
6.1.2 Electro-Thermal Nanoprobe 
The present work demonstrated electrical isolation between a heater and tip electrode 
using semiconductor doping, but the diodes experienced breakdown from excessive heat and/or 
electric potential.  Future design iterations could optimize the device structure using alternative 
geometry and materials to improve electrical isolation for high sensitivity measurements.  The 
sharp silicon tips should be temporarily protected with a thin layer of thermal oxide to avoid 
dulling during high energy antimony ion implantation.  Since temperature is an intrinsic material 
property, the electro-thermal cantilever could be used with multiple scanning force microscopy 
techniques to study the local temperature dependence of material properties.  Kelvin probe force 
microscopy uses a conductive probe to measure the contact potential difference between tip and 
substrate, but the electro-thermal cantilever could be used to study the effect of a simultaneous 
thermal gradient on contact potential difference.  Piezoresponse force microscopy uses a 
conductive probe to measure and manipulate ferroelectric domains on a substrate, but 




6.1.3 Heated Nanoprobe Thermocouple 
Measuring thermoelectric voltage yields the tip-substrate interface temperature after 
careful calibration, but it could be possible to monitor the interface temperature between an 
electro-thermal cantilever and gold-coated substrate in real-time if the relationship between 
thermoelectric voltage and interface temperature is determined beforehand.  To avoid coating the 
substrate in a thin metal layer for calibration, future heated cantilevers could incorporate a 
complete thermocouple near the tip.  Such devices would be similar to probes developed for 
scanning thermal microscopy [3, 4], but would incorporate a solid-state heater near the cantilever 
tip for thermal processing.  
6.1.4 Ferroelectric-Coated Heated Nanoprobe 
This dissertation demonstrated a fabrication process for incorporating crystalline 
ferroelectric material on an unreleased heated nanoprobe, but future work could investigate 
alternative fabrication processes that would allow release of a suspended structure.  Without a 
radical change in the fabrication steps, release would require protecting the ceramic perovskite 
from chemicals that attack oxides while dissolving the sacrificial layer.  To facilitate emission of 
electromagnetic radiation, the spontaneous polarization of the ferroelectric material must be 
rapidly switched [5].  Future work could explore electron emission from ferroelectric-coated tips 
in a vacuum chamber using a Faraday cup or electron multiplier to count emitted electrons.  The 
effectiveness of temperature change, mechanical strain, or electric field as a means for changing 
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APPENDIX A: DIAMOND-COATED HEATED NANOPROBE 
FABRICATION PROCESS 
Wafer specifications:   SOI Wafer <100>, Diameter: 100 mm 
Device layer thickness:  5 ± 0.5μm,  Resistivity: 1-10 Ohm*cm, Doping: N/Ph 
Box layer thickness:   1 μm 
Handle thickness:   500 μm,  Resistivity: 1-10 Ohm*cm, Doping: N/Ph 
 
1. Tip Formation 
1.1 Spin Photoresist  
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 5000 rpm, 40 sec (acceleration 1000 rpm/sec) 
d. Soft bake: 150 °C, 105 sec with Al ring 
e. Thickness: ~1.5 μm 
1.2 Photolithography of Mask #1 (2.7 um tip structures) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 40 sec, hard contact (6 μm separation, this step needs to be 
overexposed)  
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 13 sec (if not fully developed, dip for 1 extra sec each time) 
e. Rinse: DI water and dry with nitrogen gun 
1.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
1.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated number of cycles: 8 to 9 
d. Etch thickness: 1.7 μm to 2.3 μm 




1.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
1.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
1.7 Topside Silicon Etch (Isotropic) 
a. Equipment: Wet bench  
b. Recipe: HNA (2% HF, 3% CH3COOH, 95% HNO3) 
c. Time: ~2 min (estimated etch rate: ~0.45 μm/min) 
d. Note: Use SEM to observe the etch rate, stop when the size of the pillar is around 
0.5 μm 
1.8 Oxidation Sharpen 
a. Equipment: Oxidation furnace (MNMS) 
b. Recipe: 1000 °C, O2, 6 sccm flow rate (expected thickness: ~0.3 μm) 
c. Time: 15 hrs 
d. Note: The temperature of oxidation sharpening process should always be lower 
than 1050 °C 
1.9 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: ~ 3.5 min 
d. Note: Surface will change from hydrophilic to hydrophobic 
1.10 Check Tip Sharpness 
a. Equipment: SEM  








2. Cantilever Formation 
2.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 1000 rpm, 45 sec (acceleration 100 rpm/sec) 
d. Soft bake: 150°C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~2.7 μm 
2.2 Photolithography of Mask #2 (Beam Structure) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 24 sec, hard contact 
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 75 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
2.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
2.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 12 
d. Note: You will see the uniform oxide layer exposed 
2.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
2.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 




3. Implantation (Low Dosage Phosphorus Implantation) 
3.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~3 μm 
3.2 Photolithography of Mask #3 (Low Dose Ph Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
3.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 25 min with Al ring 
3.4 Ion Implantation of Entire Beam (Low Dose Ph Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Phosphorus, 2.51e13 atoms/cm2, 200 KeV, tilt 7° 
3.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
3.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
3.7 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 





a. Equipment: Anneal Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2 sccm flow rate 
c. Time: 30 min 
3.9 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: ~ 3 min (until oxide is fully removed, check the edge surface change from 
hydrophilic to hydrophobic, then do 30 sec more) 
 
4. Implantation (High Dose Phosphorus Implantation) 
4.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
4.2 Photolithography of Mask #4 (High Dose Ph Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
4.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 25 min with Al ring 
4.4 Ion Implantation (High Dose Ph Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Phosphorus, 2.51e16 atoms/cm2, 200 keV, 45° tilt, orientation 180° 
4.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: Overnight, then place the wafer in ultrasound cleaner for less than 5 min  
d. Rinse: DI water and dry with nitrogen gun 
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4.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
4.7 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 5 min (5 min more if necessary)  
4.8 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 
d. Time: 12 min 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
4.9 Diffusion 
a. Equipment: Anneal furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2 sccm flow rate 
c. Time: 120 min 
4.10 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
4.8. Add 5 seconds.  
 
5. Ultrananocrystalline Diamond Deposition (UNCD) 
5.1 UNCD Deposition 
a. Equipment: CVD chamber 
b. Recipe: Proprietary (sonicate wafer in diamond nanoparticle colloidal suspension, 
growth in hot-filament CVD chamber), ~ 40 nm UNCD 
c. Time: ??? 





5.2 Check UNCD Film Quality 
a. Equipment: SEM  
b. Recipe: Check UNCD film quality. 
5.3 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 600 nm 
d. Time: 55:33 min:sec 
5.4 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
5.5 Photolithography of Mask #5 (Protective Tip Square) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 30 sec, hard contact, 6 μm separation 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is important. Use the 10X lens in this step. Be very careful during 
the lens changing process. 
5.6 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
5.7 Topside Oxide Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: CF4 at 60%, 35 mT, 20% power, 600 nm etch depth 
c. Time: 34:05 min:sec (over etch 8 min) 
d. Note: Etch rate ~ 230 Å/min 
5.8 Topside UNCD Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: O2 at 40%, 40 mT pressure, 50% power,  40 nm etch depth 
c. Time: 5 min (over etch a little bit) 




5.9 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 300 nm 
d. Time: 27:47 min:sec 
 
6. Vias and Metallization 
6.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
6.2 Photolithography of Mask #6 (Open Vias for Metal Contact) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact, 6 μm separation 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be very careful during the lens changing 
process. 
6.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
6.4 Topside Oxide Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: CF4 at 60%, 35 mT, 20% power, 300 nm etch depth 
c. Time: 18 min (over etch a little bit) 
6.5 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 







6.6 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
6.7 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
6.8 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 15 sec 
d. Note: For etching native oxide, perform immediately before metal deposition 
following this step. 
6.9 Topside Chromium/Gold Deposition (Sputtering) 
a. Equipment: AJA Sputterer (MNMS) 
b. Recipe: 10 nm Cr, 250 nm Au, 5 E-3 Torr, 300W, argon 
c. Time: 55 sec for Cr, 10:52 min:sec for Au 
6.10 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
6.11 Photolithography of Mask #7 (Pattern Cr/Au) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 35 sec, hard contact (this step needs to be over-exposed) 
c. Development: MF319, around 70 sec  
d. Rinse: DI water and dry with nitrogen gun 






6.12 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
6.13 Chromium/Gold Etch 
a. Equipment: Acid bench 
b. Recipe: Cr etchant CEP-200, Au etchant type TFA at 25°C 
c. Estimated Etch Rate: ?? Å/min for Cr, 28 Å/sec for Au 
d. Time: ~ 30 sec for Cr, ~ 2:30 min:sec for Au 
e. Note: You will see the shiny Au and then Cr removed and the color (blue) of SiO2 
shows up. After fully etched, give it 15 sec more etch time in both. 
6.14 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
6.15 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 3 min 
6.16 Check Device Resistance with Multimeter 
a. Note: The resistance should be around 2 kOhms 
6.17 Sintering  
a. Equipment: Vacuum annealer (MNMS) 
b. Recipe: 400°C 
c. Time: 30 min 
6.18 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 400 nm 
d. Time: 16 min 







7. Cantilever Release 
7.1 Spin Photoresist on Topside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
7.2 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
7.3 Oxide Etch (Isotropic) 
a. Equipment: Acid bench (MNMS) 
b. Recipe: BOE 
c. Time: 10 sec (until oxide on the back side is fully removed) 
7.4 Cleave Wafer 
a. Equipment: Work Bench 
b. Recipe: Cleave wafer into 4 quadrants 
7.5 Apply Thick Photoresist (PR) to Bottomside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin NR5-8000: 1000 rpm, 40 sec (acceleration 200 rpm/sec) 
d. Soft bake: 150 °C, 6 min without Al ring 
e. Thickness: ~17 μm 
f. Note: Cover the hotplate with aluminum foil to avoid leaving photoresist residue 
on the hotplate. Cool down on alphawipe before exposing in EV420 
7.6 Photolithography of Mask #7 (Backside Openings) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 30 sec, hard contact or proximity mode (50 μm of separation) 
c. Post-exposure bake: 100 °C, 2 min  
d. Development: RD-6, around 70 sec  
e. Rinse: DI water and dry with nitrogen gun 






7.7 Hard Bake 
a. Equipment: Hot plate covered with Al foil  
b. Recipe: 120 °C 
c. Time: 10 min without Al ring 
7.8 Apply Thick Photoresist to Topside of Carrier Wafer 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin NR5-8000: 1000 rpm, 40 sec (acceleration 200 rpm/sec) 
7.9 Attach 1/4 Wafer to Carrier Wafer 
a. Equipment: By hand  
b. Recipe: Gently drop on center of carrier wafer, barely touch three corners 
7.10 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C, then 140 °C directly on hotplate  
c. Time: 10 min, then 25 min 
7.11 Backside Silicon Etch 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 800 
d. Note: You will see the cantilever structure from the etched trench, the 1 μm thick 
box SiO2 layer is transparent. Slow down as you get to the BOX layer to avoid 
stress cracks, especially with UNCD wafers. 
7.12 Soak to Separate Wafers 
a. Equipment: Wet bench  
b. Recipe: Photoresist stripper 1165 at 80 °C 
c. Time: Overnight 
7.13 Piranha Clean (optional, for dirty quadrants) 
a. Equipment: Acid Bench (MNMS) 
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature: 120 °C 
d. Time: 5 sec 
e. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C. 






7.14 Concentrated HF Dip 
a. Equipment: Wet bench 
b. Recipe: HF (49% concentration) 
c. Time: ~ 40 sec (BOX thickness ~ 1 μm) 
d. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C  
e. Note: Check devices under optical microscope to see cantilevers are not bending, 
use multi-meter to check device resistance. 
7.15 Final Device Check 
a. Equipment: Hitachi SEM S4800 (MNTL) 





APPENDIX B: ELECTRO-THERMAL NANOPROBE 
FABRICATION PROCESS – DOPED SILICON 
Wafer specifications:   SOI Wafer <100>, Diameter: 100 mm 
Device layer thickness:  5 ± 0.5μm,  Resistivity: 0.01-0.05 Ohm*cm, Doping: N/Sb 
Box layer thickness:   1 μm 
Handle thickness:   500 μm,  Resistivity: 0.01-0.05 Ohm*cm, Doping: N/Sb 
 
1. Tip Formation 
1.1 Spin Photoresist  
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 5000 rpm, 40 sec (acceleration 1000 rpm/sec) 
d. Soft bake: 150 °C, 105 sec with Al ring 
e. Thickness: ~1.5 μm 
1.2 Photolithography of Mask #1 (2.7 um tip structures) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 40 sec, hard contact (6 μm separation, this step needs to be 
overexposed)  
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 13 sec (if not fully developed, dip for 1 extra sec each time) 
e. Rinse: DI water and dry with nitrogen gun 
1.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
1.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated number of cycles: 8 to 9 
d. Etch thickness: 1.7 μm to 2.3 μm 




1.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
1.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
1.7 Topside Silicon Etch (Isotropic) 
a. Equipment: Wet bench  
b. Recipe: HNA (2% HF, 3% CH3COOH, 95% HNO3) 
c. Time: ~2 min (estimated etch rate: ~0.45 μm/min) 
d. Note: Use SEM to observe the etch rate, stop when the size of the pillar is around 
0.5 μm 
1.8 Oxidation Sharpen 
a. Equipment: Oxidation furnace (MNMS) 
b. Recipe: 1000 °C, O2, 6 sccm flow rate (expected thickness: ~0.3 μm) 
c. Time: 15 hrs 
d. Note: The temperature of oxidation sharpening process should always be lower 
than 1050 °C 
1.9 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: ~ 3.5 min 
d. Note: Surface will change from hydrophilic to hydrophobic 
1.10 Check Tip Sharpness 
a. Equipment: SEM  








2. Cantilever Formation 
2.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 1000 rpm, 45 sec (acceleration 100 rpm/sec) 
d. Soft bake: 150°C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~2.7 μm 
2.2 Photolithography of Mask #2 (Beam Structure) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 24 sec, hard contact 
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 75 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
2.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
2.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 12 
d. Note: You will see the uniform oxide layer exposed 
2.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
2.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 




3. Implantation (High Dosage Antimony Implantation) 
3.1 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 300 nm 
d. Time: 27:47 min:sec 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
3.2 Anneal Oxide 
a. Equipment: Oxidation Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2.5 sccm flow rate 
c. Time: 30 min 
d. Note: Include dummy wafer. 
3.3 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~3 μm 
3.4 Photolithography of Mask #3 (High Dose Antimony Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 17 sec, hard contact 
c. Development: MF319, around 45 sec  
d. Rinse: DI water and dry with nitrogen gun 
3.5 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min without Al ring 
3.6 Topside Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Etch Depth Needed: 300 nm 
d. Time: Use dummy wafer to determine time required to remove PECVD oxide, but 





3.7 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
3.8 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
3.9 Ion Implantation of Entire Beam (High Dose Sb Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Antimony, 2.0e16 atoms/cm2, 120 KeV, tilt 45° 
3.10 Topside Oxide Etch (Isotropic) 
a. Equipment: Wet Bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
3.6. 
3.11 Measure Beam Thickness 
a. Equipment: Hitachi SEM S4800 (MNTL) 
b. Recipe: Measure average beam thickness to verify proper diffusion time. If large 
variability, dice wafer. 
3.12 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 300 nm 
d. Time: 27:47 min:sec 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
3.13 Diffusion 
a. Equipment: Anneal Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2.5 sccm flow rate 





3.14 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
3.12. Add 5 seconds. 
 
4. Implantation (High Dose Boron Implantation) 
4.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
4.2 Photolithography of Mask #4 (High Dose Boron Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
4.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 25 min with Al ring 
4.4 Ion Implantation (High Dose B Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Boron, 1.5e15 atoms/cm2, 120 keV, 45° tilt orientation 135° 
4.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: Overnight, then place the wafer in ultrasound cleaner for less than 1 minute  







4.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
4.7 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 5 min (5 min more if necessary)  
4.8 Measure Beam Thickness 
a. Equipment: SEM  
b. Recipe: Measure the beam thicknesses to estimate required diffusion time. 
4.9 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 
d. Time: 12 min 
4.10 Diffusion 
a. Equipment: Anneal furnace (MNMS) 
b. Recipe: 1100 °C, N2, 2.5 sccm flow rate 
c. Time: 150 min 
d. Note: This time is for 1.5 μm beam thickness. If 2.0 μm, use 210 minutes. 
 
5. Vias and Metallization 
5.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 








5.2 Photolithography of Mask #5 (Open Vias for Metal Contact) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact, 6 μm separation 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be careful during the lens changing 
process. 
5.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
5.4 Topside Oxide Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: CF4 at 60%, 35 mT, 20% power, 300 nm etch depth 
c. Time: 18 min (over etch a little bit) 
5.5 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 30 sec 
5.6 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
5.7 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
5.8 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 15 sec 
d. Note: For etching native oxide, perform immediately before metal deposition 
following this step. 
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5.9 Topside Chromium/Gold Deposition (Sputtering) 
a. Equipment: AJA Sputterer (MNMS) 
b. Recipe: 10 nm Cr, 250 nm Au, 5 E-3 Torr, 300W, argon 
c. Time: 55 sec for Cr, 10:52 min:sec for Au 
5.10 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
5.11 Photolithography of Mask #6 (Pattern Cr/Au) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 35 sec, hard contact (this step needs to be over-exposed) 
c. Development: MF319, around 70 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be very careful during the lens changing 
process. 
5.12 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
5.13 Chromium/Gold Etch 
a. Equipment: Acid bench 
b. Recipe: Cr etchant CEP-200, Au etchant type TFA at 25°C 
c. Estimated Etch Rate: ?? Å/min for Cr, 28 Å/sec for Au 
d. Time: ~ 30 sec for Cr, ~ 2:30 min:sec for Au 
e. Note: You will see the shiny Au and then Cr removed and the color (blue) of SiO2 
shows up. After fully etched, give it 15 sec more etch time in both. 
5.14 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 






5.15 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 3 min 
5.16 Check Device Resistance with Multimeter 
a. Note: The resistance should be around 2 kOhms 
5.17 Sintering  
a. Equipment: Vacuum annealer (MNMS) 
b. Recipe: 400°C 
c. Time: 30 min 
5.18 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 400 nm 
d. Time: 16 min 
e. Note: This layer of oxide is just to keep the final device clean 
 
6. Cantilever Release 
6.1 Spin Photoresist on Topside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
6.2 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
6.3 Oxide Etch (Isotropic) 
a. Equipment: Acid bench (MNMS) 
b. Recipe: BOE 
c. Time: 10 sec (until oxide on the back side is fully removed) 
6.4 Cleave Wafer 
a. Equipment: Work Bench 




6.5 Apply Thick Photoresist (PR) to Bottomside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin NR5-8000: 1000 rpm, 40 sec (acceleration 200 rpm/sec) 
d. Soft bake: 150 °C, 6 min without Al ring 
e. Thickness: ~17 μm 
f. Note: Cover the hotplate with aluminum foil to avoid leaving photoresist residue 
on the hotplate. Cool down on alphawipe before exposing in EV420 
6.6 Photolithography of Mask #7 (Backside Openings) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 30 sec, hard contact or proximity mode (50 μm of separation) 
c. Post-exposure bake: 100 °C, 2 min  
d. Development: RD-6, around 70 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Use default backside alignment lens. 
6.7 Hard Bake 
a. Equipment: Hot plate covered with Al foil  
b. Recipe: 120 °C 
c. Time: 10 min without Al ring 
6.8 Apply Thick Photoresist to Topside of Carrier Wafer 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin NR5-8000: 1000 rpm, 40 sec (acceleration 200 rpm/sec) 
6.9 Attach 1/4 Wafer to Carrier Wafer 
a. Equipment: By hand  
b. Recipe: Gently drop on center of carrier wafer, barely touch three corners 
6.10 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C, then 140 °C directly on hotplate  









6.11 Backside Silicon Etch 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 800 
d. Note: You will see the cantilever structure from the etched trench, the 1 μm thick 
box SiO2 layer is transparent. Slow down as you get to the BOX layer to avoid 
stress cracks. 
6.12 Soak to Separate Wafers 
a. Equipment: Wet bench  
b. Recipe: Photoresist stripper 1165 at 80 °C 
c. Time: Overnight 
6.13 Piranha Clean (optional, for dirty quadrants) 
a. Equipment: Acid Bench (MNMS) 
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature: 120 °C 
d. Time: 5 sec 
e. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C. 
After this step, we can’t clean the wafer with DI water gun and dry the wafer with 
N2 gun. 
6.14 Concentrated HF Dip 
a. Equipment: Wet bench 
b. Recipe: HF (49% concentration) 
c. Time: ~40 sec (BOX thickness ~ 1 μm) 
d. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C  
e. Note: Check devices under optical microscope to see cantilevers are not bending, 
use multi-meter to check device resistance. 
6.15 Oxygen Plasma (optional but recommended) 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2, 500W 
c. Time: 15 min 
6.16 Final Device Check 
a. Equipment: Hitachi SEM S4800 (MNTL) 




APPENDIX C: ELECTRO-THERMAL NANOPROBE 
FABRICATION PROCESS – METAL 
Wafer specifications:   SOI Wafer <100>, Diameter: 100 mm 
Device layer thickness:  5 ± 0.5μm,  Resistivity: 0.01-0.05 Ohm*cm, Doping: N/Sb 
Box layer thickness:   1 μm 
Handle thickness:   500 μm,  Resistivity: 0.01-0.05 Ohm*cm, Doping: N/Sb 
 
1. Tip Formation 
1.1 Spin Photoresist  
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 5000 rpm, 40 sec (acceleration 1000 rpm/sec) 
d. Soft bake: 150 °C, 105 sec with Al ring 
e. Thickness: ~1.5 μm 
1.2 Photolithography of Mask #1 (2.7 um tip structures) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 40 sec, hard contact (6 μm separation, this step needs to be 
overexposed)  
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 13 sec (if not fully developed, dip for 1 extra sec each time) 
e. Rinse: DI water and dry with nitrogen gun 
1.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
1.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated number of cycles: 8 to 9 
d. Etch thickness: 1.7 μm to 2.3 μm 




1.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
1.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
1.7 Topside Silicon Etch (Isotropic) 
a. Equipment: Wet bench  
b. Recipe: HNA (2% HF, 3% CH3COOH, 95% HNO3) 
c. Time: ~2 min (estimated etch rate: ~0.45 μm/min) 
d. Note: Use SEM to observe the etch rate, stop when the size of the pillar is around 
0.5 μm 
1.8 Oxidation Sharpen 
a. Equipment: Oxidation furnace (MNMS) 
b. Recipe: 1000 °C, O2, 6 sccm flow rate (expected thickness: ~0.3 μm) 
c. Time: 15 hrs 
d. Note: The temperature of oxidation sharpening process should always be lower 
than 1050 °C 
1.9 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: ~ 3.5 min 
d. Note: Surface will change from hydrophilic to hydrophobic 
1.10 Check Tip Sharpness 
a. Equipment: SEM  








2. Cantilever Formation 
2.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 1000 rpm, 45 sec (acceleration 100 rpm/sec) 
d. Soft bake: 150°C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~2.7 μm 
2.2 Photolithography of Mask #2 (Beam Structure) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 24 sec, hard contact 
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 75 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
2.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
2.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 12 
d. Note: You will see the uniform oxide layer exposed 
2.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
2.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 




3. Implantation (High Dosage Antimony Implantation) 
3.1 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 300 nm 
d. Time: 27:47 min:sec 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
3.2 Anneal Oxide 
a. Equipment: Oxidation Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2.5 sccm flow rate 
c. Time: 30 min 
d. Note: Include dummy wafer. 
3.3 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~3 μm 
3.4 Photolithography of Mask #3 (High Dose Antimony Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 17 sec, hard contact 
c. Development: MF319, around 45 sec  
d. Rinse: DI water and dry with nitrogen gun 
3.5 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min without Al ring 
3.6 Topside Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Etch Depth Needed: 300 nm 
d. Time: Use dummy wafer to determine time required to remove PECVD oxide, but 





3.7 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
3.8 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
3.9 Ion Implantation of Entire Beam (High Dose Sb Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Antimony, 2.0e16 atoms/cm2, 120 KeV, tilt 45° 
3.10 Topside Oxide Etch (Isotropic) 
a. Equipment: Wet Bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
3.6. 
3.11 Measure Beam Thickness 
a. Equipment: Hitachi SEM S4800 (MNTL) 
b. Recipe: Measure average beam thickness to verify proper diffusion time. If large 
variability, dice wafer. 
3.12 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: Slow deposition rate 
c. Thickness: 300 nm 
d. Time: 27:47 min:sec 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
3.13 Diffusion 
a. Equipment: Anneal Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2.5 sccm flow rate 






a. Equipment: Anneal Furnace (MNMS) 
b. Recipe: 1100 °C, N2, 2.5 sccm flow rate 
c. Time: 150 min 
d. Note: This time is for 1.5 μm beam thickness. If 2.0 μm, use 210 minutes. 
3.15 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
3.12. Add 5 seconds. 
 
4. Metal Trace Deposition 
4.1 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: 15 sec 
4.2 Thermal Oxide Growth 
a. Equipment: Oxidation furnace (MNMS) 
b. Recipe: 950 °C, O2, 6 sccm flow rate 
c. Time: 30:50 hrs:mins 
d. Expected thickness: ~25nm 
4.3 Check Oxide Thickness 
a. Equipment: NanoSpec 4000 in MNTL 
b. Recipe: Thin oxide 
c. Note: Verify expected oxide thickness. 
4.4 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 








4.5 Photolithography of Mask #4 (Metal Tip Traces) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. DO NOT HARD BAKE!!! 
4.6 De-Scum and Oxide Activation 
a. Equipment: Jupiter RIE (MNMS)  
b. Recipe: 50 W, 2 sccm oxygen, No argon 
c. Time: 30 sec 
d. Note: Move straight to sputtering step with minimal time lag. 
4.7 Topside Platinum Deposition 
a. Equipment: AJA Sputterer (MMS) 
b. Recipe: 10 nm of Cr, then ~40 nm of Pt, 5 E-3 Torr, 300 W, argon 
c. Time: 55 sec for Cr, 1:48 min:sec for Pt 
d. Note: Deposition rate ~222 Å/min for Pt 
4.8 Lift-Off (Dissolve Photoresist) 
a. Equipment: Solvent bench (MNMS) 
b. Recipe: Acetone 
c. Time: Overnight, then use pipette to blow off platinum after soaking, then move 
wafer to fresh acetone and sonicate for 30 sec 
4.9 Lift-Off (Remove Excess Platinum) 
a. Sonicator (MNMS) 
b. Recipe: Sonicate  
c. Time: 4.5 minutes in DI water 
4.10 Check Metal Trace Quality 
a. Equipment: SEM  
b. Recipe: Check platinum trace quality. 
4.11 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 





5. Vias and Metallization 
5.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
5.2 Photolithography of Mask #5 (Open Vias for Metal Contact) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact, 6 μm separation 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be very careful during the lens changing 
process. 
5.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
5.4 Topside Oxide Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: CF4 at 60%, 35 mT, 20% power, 300 nm etch depth 
c. Time: 18 min (over etch a little bit) 
5.5 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 30 sec 
5.6 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 








5.7 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
5.8 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 15 sec 
d. Note: For etching native oxide, perform immediately before metal deposition 
following this step. 
5.9 Topside Chromium/Gold Deposition (Sputtering) 
a. Equipment: AJA Sputterer (MNMS) 
b. Recipe: 10 nm Cr, 250 nm Au, 5 E-3 Torr, 300W, argon 
c. Time: 55 sec for Cr, 10:52 min:sec for Au 
5.10 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
5.11 Photolithography of Mask #6 (Pattern Cr/Au) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 35 sec, hard contact (this step needs to be over-exposed) 
c. Development: MF319, around 70 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be very careful during the lens changing 
process. 
5.12 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 






5.13 Chromium/Gold Etch 
a. Equipment: Acid bench 
b. Recipe: Cr etchant CEP-200, Au etchant type TFA at 25°C 
c. Estimated Etch Rate: ?? Å/min for Cr, 28 Å/sec for Au 
d. Time: ~ 30 sec for Cr, ~ 2:30 min:sec for Au 
e. Note: You will see the shiny Au and then Cr removed and the color (blue) of SiO2 
shows up. After fully etched, give it 15 sec more etch time in both. 
5.14 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
5.15 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 3 min 
5.16 Check Device Resistance with Multimeter 
a. Note: The resistance should be around 2 kOhms 
5.17 Sintering  
a. Equipment: Vacuum annealer (MNMS) 
b. Recipe: 400°C 
c. Time: 30 min 
5.18 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 400 nm 
d. Time: 16 min 
e. Note: This layer of oxide is just to keep the final device clean 
 
6. Cantilever Release 
6.1 Spin Photoresist on Topside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
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6.2 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
6.3 Oxide Etch (Isotropic) 
a. Equipment: Acid bench (MNMS) 
b. Recipe: BOE 
c. Time: 10 sec (until oxide on the back side is fully removed) 
6.4 Cleave Wafer 
a. Equipment: Work Bench 
b. Recipe: Cleave wafer into 4 quadrants 
6.5 Apply Thick Photoresist (PR) to Bottomside 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin NR5-8000: 1000 rpm, 40 sec (acceleration 200 rpm/sec) 
d. Soft bake: 150 °C, 6 min without Al ring 
e. Thickness: ~17 μm 
f. Note: Cover the hotplate with aluminum foil to avoid leaving photoresist residue 
on the hotplate. Cool down on alphawipe before exposing in EV420 
6.6 Photolithography of Mask #7 (Backside Openings) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 30 sec, hard contact or proximity mode (50 μm of separation) 
c. Post-exposure bake: 100 °C, 2 min  
d. Development: RD-6, around 70 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Use default backside alignment lens. 
6.7 Hard Bake 
a. Equipment: Hot plate covered with Al foil  
b. Recipe: 120 °C 
c. Time: 10 min without Al ring 
6.8 Apply Thick Photoresist to Topside of Carrier Wafer 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  





6.9 Attach 1/4 Wafer to Carrier Wafer 
a. Equipment: By hand  
b. Recipe: Gently drop on center of carrier wafer, barely touch three corners 
6.10 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C, then 140 °C directly on hotplate  
c. Time: 10 min, then 25 min 
6.11 Backside Silicon Etch 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 800 
d. Note: You will see the cantilever structure from the etched trench, the 1 μm thick 
box SiO2 layer is transparent. Slow down as you get to the BOX layer to avoid 
stress cracks. 
6.12 Backside Oxide Etch (Isotropic) 
a. Equipment: Freon RIE (MNTL) 
b. Recipe: CF4 at 60%, 35 mT, 20% power, 600 nm etch depth 
c. Time: 28:26 min:sec (etch rate ~ 211 Å/min) 
d. Note: This thins the box oxide, reducing HF exposure time. 
6.13 Soak to Separate Wafers 
a. Equipment: Wet bench  
b. Recipe: Photoresist stripper 1165 at 80 °C 
c. Time: Overnight 
6.14 Piranha Clean (optional, for dirty quadrants) 
a. Equipment: Acid Bench (MNMS) 
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature: 120 °C 
d. Time: 5 sec 
e. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C. 









6.15 Concentrated HF Dip 
a. Equipment: Wet bench 
b. Recipe: HF (49% concentration) 
c. Time: ~10 sec (BOX thickness ~ 1 μm) 
d. Rinse: DI water and change DI water 5 times, then dry on a hot plate at 110 °C  
e. Note: Check devices under optical microscope to see cantilevers are not bending, 
use multi-meter to check device resistance. 
6.16 Oxygen Plasma (optional but recommended) 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2, 500W 
c. Time: 15 min 
6.17 Final Device Check 
a. Equipment: Hitachi SEM S4800 (MNTL) 




APPENDIX D: FERROELECTRIC-COATED HEATED 
NANOPROBE FABRICATION PROCESS 
Wafer specifications:   SOI Wafer <100>, Diameter: 100 mm 
Device layer thickness:  5 ± 0.5μm,  Resistivity: 1-10 Ohm*cm, Doping: N/Ph 
Box layer thickness:   1 μm 
Handle thickness:   500 μm,  Resistivity: 1-10 Ohm*cm, Doping: N/Ph 
 
1. Tip Formation 
1.1 Spin Photoresist  
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 5000 rpm, 40 sec (acceleration 1000 rpm/sec) 
d. Soft bake: 150 °C, 105 sec with Al ring 
e. Thickness: ~1.5 μm 
1.2 Photolithography of Mask #1 (2.7 um tip structures) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 40 sec, hard contact (6 μm separation, this step needs to be 
overexposed)  
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 13 sec (if not fully developed, dip for 1 extra sec each time) 
e. Rinse: DI water and dry with nitrogen gun 
1.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
1.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated number of cycles: 8 to 9 
d. Etch thickness: 1.7 μm to 2.3 μm 




1.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
1.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
1.7 Topside Silicon Etch (Isotropic) 
a. Equipment: Wet bench  
b. Recipe: HNA (2% HF, 3% CH3COOH, 95% HNO3) 
c. Time: ~2 min (estimated etch rate: ~0.45 μm/min) 
d. Note: Use SEM to observe the etch rate, stop when the size of the pillar is around 
0.5 μm 
1.8 Oxidation Sharpen 
a. Equipment: Oxidation furnace (MNMS) 
b. Recipe: 1000 °C, O2, 6 sccm flow rate (expected thickness: ~0.3 μm) 
c. Time: 15 hrs 
d. Note: The temperature of oxidation sharpening process should always be lower 
than 1050 °C 
1.9 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: ~ 3.5 min 
d. Note: Surface will change from hydrophilic to hydrophobic 
1.10 Check Tip Sharpness 
a. Equipment: SEM  








2. Device Formation 
2.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 1000 rpm, 45 sec (acceleration 100 rpm/sec) 
d. Soft bake: 150°C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~2.7 μm 
2.2 Photolithography of Mask #2 (Beam Structure) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 24 sec, hard contact 
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 75 sec  
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
2.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 10 min with Al ring 
2.4 Topside Silicon Etch (Anisotropic) 
a. Equipment: ICP-DRIE (MNMS) 
b. Recipe: Bosch-1 
c. Estimated Number of Cycles: 12 
d. Note: You will see the uniform oxide layer exposed 
2.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
2.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 




3. Implantation (Low Dosage Phosphorus Implantation) 
3.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with ring) 
e. Thickness: ~3 μm 
3.2 Photolithography of Mask #3 (Low Dose Phosphorus Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
3.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 25 min with Al ring 
3.4 Ion Implantation of Entire Beam (Low Dose Ph Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Phosphorus, 2.51e13 atoms/cm2, 200 KeV, tilt 7° 
3.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
3.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
3.7 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 





a. Equipment: Anneal Furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2 sccm flow rate 
c. Time: 30 min 
3.9 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: ~ 3 min (until oxide is fully removed, check the edge surface change from 
hydrophilic to hydrophobic, then do 30 sec more) 
 
4. Implantation (High Dose Phosphorus Implantation) 
4.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
4.2 Photolithography of Mask #4 (High Dose Phosphorus Implantation) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is very important. Use the 10X lens in this step. Be very careful 
during the lens changing process. 
4.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 120 °C 
c. Time: 25 min with Al ring 
4.4 Ion Implantation (High Dose Ph Implantation) 
a. Equipment: Outside Vendor - Core Systems, CA 
b. Recipe: Phosphorus, 2.51e16 atoms/cm2, 200 keV, 45° tilt, orientation 180° 
4.5 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: Overnight, then place the wafer in ultrasound cleaner for less than 5 min  
d. Rinse: DI water and dry with nitrogen gun 
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4.6 Piranha Clean 
a. Equipment: Acid bench  
b. Recipe: Piranha solution (H2SO4:H2O2 : 70%:30%) 
c. Temperature:  120 oC 
d. Time: 10 min 
e. Rinse: DI water and dry with nitrogen gun 
4.7 Oxygen Plasma Clean 
a. Equipment: Axic RIE (MNMS) 
b. Recipe: ztdai_O2 
c. Time: 5 min (5 min more if necessary)  
4.8 Oxide Deposition 
a. Equipment: PlasmaLab PECVD (MNTL) 
b. Recipe: High deposition rate 
c. Thickness: 300 nm 
d. Time: 12 min 
e. Note: Deposit oxide on dummy wafer for monitoring purposes using same amount 
of time. 
4.9 Diffusion 
a. Equipment: Anneal furnace (MNMS) 
b. Recipe: 1000 °C, N2, 2 sccm flow rate 
c. Time: 120 min 
4.10 Oxide Etch (Isotropic) 
a. Equipment: Wet bench 
b. Recipe: BOE 
c. Time: Determine etch time by first etching oxide from dummy wafer created in 
4.8. Add 5 seconds.  
 
5. Ferroelectric Deposition (PZT) 
5.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120 °C, 5 min  
c. Spin NR71-1500P: 1000 rpm, 45 sec (acceleration 100 rpm/sec) 
d. Soft bake: 140°C, 105 sec without Al ring 





5.2 Photolithography of Mask #5 (Protective Tip Square) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 40 sec, hard contact, 6 μm separation 
c. Post-exposure bake: 100 °C, 1 min without Al ring 
d. Development: RD-6, 75 sec 
e. Rinse: DI water and dry with nitrogen gun 
f. Note: Alignment is important. Use the 10X lens in this step. Be very careful during 
the lens changing process. DO NOT HARD BAKE!!! 
5.3 Oxide Etch (Isotropic) 
a. Equipment: Wet Bench  
b. Recipe: BOE dip 
c. Time: 15 sec 
5.4 De-Scum and Oxide Activation 
a. Equipment: Jupiter RIE (MNMS)  
b. Recipe: 50 W, 2 sccm oxygen, No argon 
c. Time: 30 sec 
d. Note: Move straight to sputtering step with minimal time lag. 
5.5 Topside Platinum Deposition 
a. Equipment: AJA Sputterer (MMS) 
b. Recipe: 5 nm of Ti, then 75 nm of Pt, 5 E-3 Torr, 300 W, argon 
c. Time: 56 sec for Ti, 3:22 min:sec for Pt 
d. Note: Deposition rate ~222.7 Å/min for Pt 
5.6 Ferroelectric Deposition 
a. Equipment: Custom pulsed-lased deposition chamber (Lane Martin group) 
b. Recipe: KrF excimer laser, 248 nm wavelength, Pb1.1Zr0.2Ti0.8O3 ceramic target 
(Praxair Inc.), 20 °C, ~ 75 nm PZT 
c. Time: ??? 
d. Note: Deposition by Karthik Jambunathan, jkarthik@gmail.com, 217-721-6493 
5.7 Lift-Off (Dissolve Photoresist) 
a. Equipment: Solvent bench (MNMS) 
b. Recipe: Acetone 
c. Time: Overnight, then use pipette to blow off platinum after soaking, then move 






5.8 Lift-Off (Remove Excess Platinum) 
a. Sonicator (MNMS) 
b. Recipe: Sonicate  
c. Time: 4.5 minutes in DI water 
5.9 Anneal Ferroelectric 
a. Equipment: Furnace (MRL) 
b. Recipe: 600 °C, O2, 1 atm 
c. Time: 30 min 
d. Note: Anneal to crystallize PZT, performed by Karthik Jambunathan. 
5.10 Check Ferroelectric Film Quality 
a. Equipment: SEM  
b. Recipe: Check ferroelectric film quality. 
 
6. Metallization 
6.1 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
6.2 Photolithography of Mask #5 (Protective Tip Square) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 20 sec, hard contact, 6 μm separation 
c. Development: MF319, around 55 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Alignment is important. Use the 10X lens in this step. Be very careful during 
the lens changing process. 
6.3 Hard Bake 
a. Equipment: Hot plate  
b. Recipe: 110 °C 








6.4 Oxide Etch (Isotropic) 
a. Equipment: Acid hood (MNMS) 
b. Recipe: BOE dip 
c. Time: 15 sec 
d. Note: For etching native oxide, perform immediately before metal deposition 
following this step. 
6.5 Topside Chromium/Gold Deposition (Sputtering) 
a. Equipment: AJA Sputterer (MNMS) 
b. Recipe: 10 nm Cr, 250 nm Au, 5 E-3 Torr, 300W, argon 
c. Time: 55 sec for Cr, 10:52 min:sec for Au 
6.6 Spin Photoresist 
a. Equipment: Spinner  
b. Dehydration bake: 120°C, 5min  
c. Spin Shipley 1827: 3000 rpm, 45 sec (acceleration 300 rpm/sec) 
d. Soft bake: 120 °C, 1.5 min without Al ring (or 2 min with Al ring) 
e. Thickness: ~3 μm 
6.7 Photolithography of Mask #6 (Pattern Cr/Au) 
a. Equipment: EV420 (MNMS) 
b. Exposure: 35 sec, hard contact (this step needs to be over-exposed) 
c. Development: MF319, around 70 sec  
d. Rinse: DI water and dry with nitrogen gun 
e. Note: Use the 10X or 4X lens in this step. Be very careful during the lens changing 
process. 
6.8 Hard Bake 
a. Equipment: Hot Plate  
b. Recipe: 110 °C 
c. Time: 10 min with Al ring 
6.9 Chromium/Gold Etch 
a. Equipment: Acid bench 
b. Recipe: Cr etchant CEP-200, Au etchant type TFA at 25°C 
c. Estimated Etch Rate: ?? Å/min for Cr, 28 Å/sec for Au 
d. Time: ~ 30 sec for Cr, ~ 2:30 min:sec for Au 
e. Note: You will see the shiny Au and then Cr removed and the color (blue) of SiO2 





6.10 Acetone Clean 
a. Equipment: Solvent bench  
b. Recipe: Acetone 
c. Time: 10 min 
d. Rinse: DI water and dry with nitrogen gun 
6.11 Check Device Resistance with Multimeter 
a. Note: The resistance should be around 2 kOhms 
6.12 Sintering  
a. Equipment: Vacuum annealer (MNMS) 
b. Recipe: 400°C 
c. Time: 30 min 
6.13 Final Device Check 
a. Equipment: Hitachi SEM S4800 (MNTL) 
b. Recipe: Final device check 
